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ABSTRACT
The ancient capital of Mayapán was the last major urban settlement in the Northern
Yucatan Peninsula of Mexico during the 12th – 15th centuries prior to contact with the Spanish.
After the disintegration of Terminal Classic regional centers by the 12th century, Mayapán (1100–
1450 CE) emerged as the most dominant polity and economic entity in the Maya region. It is
believed that the city was established by political rivals and served as the regional seat of
governance and commerce, connecting confederated towns and territories across peninsular
Yucatan, and as far as central Mexico and Honduras until its abandonment in the context of
warfare, civil conflicts and factional competition. Though urban development during the 12th and
13th centuries indicate that large numbers of people were drawn to the fortified cityscape, and
primary sources suggest lineage-heads facilitated the movement of people, commodities, and
agricultural resources into the highly nucleated urban environment, the extent that the
demographic structure, socioeconomic dynamics, and population history changed within the
urban capital remains unknown.
This dissertation explores the process of urbanization in the Maya region and tests the
hypothesis that political cycling impacted different facets of demographic structure. Through
strontium isotope ratios from human enamel (n=58), stable carbon and nitrogen isotopes from
bone collagen (n=191), and complete mitochondrial DNA analysis (n=23), this research
demonstrates 1) continuity in the migration structure across all temporal periods, 2) stability in
diets of elites and commoners but temporal variation in the diets of casualties, and 3) high
mitogenome diversity within the A2 and C1 haplogroups. The strontium analysis reveals high
levels of regional immigration and low levels of emigration from locations outside the Northern
Yucatan. It does not support a demographic scenario of increased foreign immigration or
diversification. The stable isotope analysis shows no statistical difference in the diets of elites and
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commoners. The lack of status differentiation between the diets indicates that urban residents
maintained a subsistence economy high in the consumption of maize-based foods, maize-fed
fauna, and wild terrestrial animals, despite increased levels of social and environmental stress
within the population. The results do shed light on the dietary patterns of casualties and suggest
victims accessed different subsistence networks than the general population. Archaeogenomic
analysis found that burials in the monumental center consisted of multiple maternal lineages with
the exception of one burial context with an identical haplotype. The maternal diversity of the
sample suggests that the maternal gene pool at Mayapán shared genetic affinities with multiple
premodern and modern Maya communities.
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Chapter One
INTRODUCTION
Population aggregation, migration and diffusion are important behavioral processes that are
integral to cultural and biological diversity and changes in human populations. Human
colonization and expansion to new areas around the world has shaped demographic landscapes
and framed the complex histories found across different temporal phases and regions. While these
processes are fluid, and impact populations at varying degrees, and through a multitude of
contributing cultural and ecological factors, the interplay between aggregation (i.e. concentration
of people into villages, towns, and cities), migration (i.e. logistic movements), and diffusion (i.e.
net movements and/or spread) stimulate both demographic and social change. These interactions
play a key role in the emergence of new social institutions, cooperation, technological advances,
adaptation, and population growth, while also triggering societal instability and decline, conflict,
warfare, and population collapse (Kennett and Marwan 2015; Marcus 2012; Smith 2019; Zeder
1991).

With the emergence and growth of rural-to-urban agrarian societies and large nucleated
settlements, these forces were compounded and required greater societal complexity,
institutionalization, and population integration (Carniero 1970; Zeder 1991). This in turn
stimulates greater social interaction, socioeconomic stratification, dietary differentiation,
immigration and migration, specialization, and the expansion of interaction and trade networks
(Chase and Chase 2011; Earle 1987; Flannery 1999; Golitko et al. 2012; Brumfiel et al. 1987;
Smith 1987, 2019). While population growth, higher productivity, and expansive social and
economic networks are expected to coincide with premodern urban development, the provisional
1

ramifications created by the resource-deficient nature of high population densities suggests urban
dwellers suffered a number of disadvantages to their well-being, such as high food demands,
depressed birth rates, disease, famine, social coercion, violence and warfare (Algaze et al. 2018;
Smith 2019). These conditions would have been challenging to overcome and would have
impacted the sustainability of ancient urban communities and the long-term viability of the
population to remain as a centralized cohesive economic and political unit. In this respect,
investigating aggregation and migration at premodern urban settlements and population centers is
relevant to our understanding of how social and economic institutions developed to overcome
both internal and external demographic and ecological challenges. This also increases our
knowledge of the structural breakdowns that lead to the decline and fragmentation of large
premodern cities and population centers.

This dissertation examines the roles of interregional interaction, socioeconomic differentiation,
and urbanization at the Postclassic urban capital of Mayapán (Figure 1-1; 1100 - 1450 CE) and
seeks to understand the broader impacts of population aggregation and migration on the cultural
trajectory of the northern Yucatan peninsula and the greater Maya cultural region. A major
challenge in archaeological research is to reconcile multidisciplinary approaches and to
understand the settings and processes that led to the development, sustainability, and decline of
prehistoric societies (Kintigh et al. 2014; Renfrew 2010). Multidisciplinary approaches are
helping to frame a new understanding of premodern demographic change and population history
by integrating new data with research from various fields including archaeology, geoscience,
ethnohistory, linguistics, and genetics. This project takes a comprehensive approach through the
analysis of multiple isotope proxies and ancient mitogenome DNA from human burials to explore
different dimensions of the population history and dynamic social contexts of the last major Maya
urban capital in the northern Yucatan, and ultimately permit comprehensive regional comparisons
2

to examine differences in the region. This project builds on the archaeological and ethnohistoric
understanding of Postclassic Mayapán history and answers the following questions:
1. What does the migration structure reveal about the immigration history at Mayapán
and do regional migration patterns vary within different sociopolitical burial groups
and across temporal periods?
2. What were the dietary consequences of population aggregation and is there any
correspondence between increased dietary diversity, socioeconomic status, and the
expansion of the urban environment?
3. Was there significant genetic structure within the burial groups at Mayapán and what
do the genetic profiles at Mayapán reveal about allelic affinities with ancient and
modern Maya populations?

Figure 1-1: Map of Mayapán and the locations of all 203 burials in this study (red circles; adapted
from (Kennett et al. 2016).
3

Ethics Statement

All analyses were conducted with research/ethics approval and permissions from the National
Institute of Anthropology and History to collect, export, and analyze ancient Maya specimens
obtained from the site of Mayapán (Appendix A; INAH No. de Ofico numero: 401-3-1016,
Numero de Expediente: AA-01-16 A/). Geochemical isotopic and genetic studies of ancient
human burials provide new information to help develop our understanding of human history and
directly address questions concerning premodern diets, mobility patterns, and population history.
However, it is important to be attentive to the scientific merits and ethical considerations
underlying this research to both preserve the integrity of the skeletal material for future projects
and provide open access to the datasets, but to also acknowledge the breadth of scientific and
indigenous perspectives when completing this work (Bardill et al. 2018; Claw et al. 2018; Squires
et al. 2019). Important ethical concerns and considerations in this study relate to 1) the impacts of
destructive analyses, 2) the dissemination of new information about Maya heritage, 3)
communicating the results and information to Maya descendant communities and non-English
speaking populations in Mexico, and 4) providing open access to data and information.
Furthermore, communicating the results through public and community engagement presents an
opportunity to establish open partnerships and receive feedback from communities with
traditional knowledge of cultural practices and subsistence strategies (Bankoff and Perry 2016).

Analytical sampling methodologies have continued to reduce the required sample size to perform
isotopic and ancient DNA research on human burials (approximately 100 mg to 1000 mg of
skeletal material was sampled for stable isotope and AMS radiocarbon dating and 75mg to 250
mg of material for DNA sampling, restricted to the molar tooth root or the petrous portion of the
temporal bone), these approaches remain destructive. Considerations were made to judge the
4

preservation the samples prior to analysis and limit the destruction of diagnostic features. Strict
analytic sampling techniques were used to lower the failure rates involved in the analyses and to
limit the required amount of material needed to perform the analyses and constantly improve the
methods to decrease the material needed. The sampling strategies focused primarily on nondiagnostic bone and tooth enamel features to preserve the remaining material for future research
projects, curation, and with ethical considerations for the post-mortem treatment of human
remains (see Squires et al. 2019).

During the development of this dissertation, consultation was initiated with regional INAH
directors and local collaborators at Mayapán as part of the permitting process (Appendix A). This
entailed meeting with Carlos Peraza Lope (INAH -Yucatán) in Telchaquillo, Eunice Uc González
(INAH -Yucatán) in Maxcanú, Ricardo Armijo Torres (INAH – Tabasco) in Tabasco, and Stan
Serafin (University of New South Wales) to present my dissertation, discuss the scope of the
methods, and begin to develop future collaborations. This also included meetings with Mayapán
field directors and staff at Carlos’s lab in Telchaquillo. Public outreach with the Yucatec Maya
community in Telchaquillo was not required in conjunction with the approval to conduct this
research. In an effort to establish open partnerships with local Maya communities and improve
public outreach and help disseminate the information within this dissertation to Yucatec Maya
communities and non-English speaking population, the research will be consolidated into posters
and handouts, and translated into Yucatec Maya and Spanish (see Bankoff and Perry 2016). As of
March 11, 2020, community outreach presentations focused on the results and feedback are
planned for January 2021.

Communicating the genomic and isotopic results provides a unique opportunity to present the
research at multiple levels. Future public consultation and outreach with Yucatec Maya
5

communities, residents of Telchaquillo, and academic institutions around Mayapán is planned for
January 2021 in order to continue the culture of collaboration developed at Mayapán and foster a
model for ethically responsible research and practices. Projects at Mayapán have a longstanding
history of working with host populations from Telchaquillo and the towns surrounding Mayapán
(Masson and Peraza Lope 2014a:xxiv-xxxiii). Residents of modern Telchaquillo, Mexico, a
village 1 km from the monumental core at Mayapán, speak Yucatec Maya and have worked on
excavations and research projects at Mayapán since the late 19th Century and continue to analysis
and curate archaeological collections. Moreover, residents of Telchaquillo have provided modern
insights into the inherited local knowledge and practices, including the uses of local plants, smallplot agriculture, mixed cultivation strategies, animal hunting and management strategies, historic
genealogical information with family names found in antiquity at Mayapán and across the
peninsula including Cauich, Chel, Cocom, Pech, Coba, Pat, Chan, Chi, May and Uc, and
perspectives that were only made possible through collaboration (Brown 1999; Masson and
Peraza Lope 2014a:51, 56, 126; Proskouriakoff 1962:129). Forthcoming public outreach and
direct engagement in collaboration with INAH directors and project leader will continue to this
tradition and enhance open dialogs, education, and awareness of the dissertation results and
continue to foster active collaborations.

The lack of published ancient partial mitochondrial sequences and the absence of ancient
complete mitogenomes in the Maya region after the Archaic Period restricted the analysis in
Chapter 4 (Appendix G). To evaluate the genetic diversity found at Mayapán, modern
mitochondrial reference sequences from indigenous Maya population were incorporated into the
comparative and explore Maya population history prior to massive population declines that
coincided with environmental and epidemic crises (Hoggarth et al. 2017) after the fall of
Mayapán and the impacts of European colonization. Modern Maya mitogenome reference
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sequence data were curated from published sources or were authorized under a strict
confidentiality agreement that preserves the integrity the research/ethical terms (Appendix B).
Sample names, laboratory numbers, and location were retained from the source studies to respect
ethical guidelines and no attempts were made to violate the anonymity of the participants.
Furthermore, all Mayapán mitochondrial data presented in this dissertation will be submitted to
the National Center for Biotechnology Information (NCBI).

It is important to recognize that the research in this dissertation is original and builds upon a rich
foundation of archaeological and bioarchaeolgical data derived from published data and ongoing
projects. Mayapán burials were excavated and collected over several decades and during
numerous archaeological projects (Appendix C; see Excavation History below). The estimated
age at death, biological sex, socioeconomic status, burial type were not determined as part of this
dissertation research and were curated from previous studies (Kennett et al. 2016; Masson and
Peraza Lope 2014a; Serafin 2010) or co-authored articles currently in preparation (Appendix C).
This dissertation includes burials from a diverse set of contexts including single and mass graves
of victims of violent death (Paris et al. 2017; Serafin 2010). The expedient nature of mass burial
treatments and the temporal continuities identified using individual AMS radiocarbon dates on
the burials suggest many of the casualties date to narrow windows of time and were likely the
result of single aberrant events rather than a representation of daily life at the urban center. The
residents of Mayapán maintained stability in the population for over 300 year. This is a testament
to community’s resilience and ability to maintain a remarkable degree of social homeostasis
despite fluctuating political boundaries, environmental volatility, the security dilemma of
cityscapes, and the grim reality of internal and external conflicts. All victims of violent death
were categorized within the casualties group in Appendix C.
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Theoretical framework

Understanding premodern intergroup relationships and the effects of population aggregation and
migration on agrarian urban centers in the Maya region is an important topic in archaeology.
Theoretical concepts of cycling and resilience are often elicited to model changes in sociopolitical
complexity and to explain the episodic patterns of cultural florescence and decline that are
observed at premodern and historic regional urban centers around the world (Cowgill 2012;
Marcus 1998; McAnany and Yoffee 2009; Stark 2014). Joyce Marcus conceptualized peaks and
drops in political complexity in the Maya region and modeled the trends in centralization and
decentralization within a framework of political cycling (Figure 1-2; e.g. “Dynamic Model”,
(Marcus 1993, 1998).

Political cycling conceptualizes societal consolidation, dissolution, and reorganization through
episodes of centralization (i.e. integration) and decentralization (i.e. fragmentation) to understand
short- and long-term societal transitions in the evolution of complex societies (Kennett and
Marwan 2015; Marcus 1998, 2008, 2012; Stark 2006). Political cycling models have integrated
tenets of resilience theory to interpret the broader ecological and social conditions that contribute
to the complex cyclical trends involved in societal growth, collapse, rejuvenation, and
reorganization (Bradtmöller et al. 2017; Holling and Gunderson 2002). To this end, premodern
urban capitals were effectively unstable and required certain levels of institutionalization and
adaptability to maintain social and demographic equilibrium, which resulted in transitions of
peaks and declines and short-term and long-term stability and collapse.

Researchers argue that without a durable multigenerational institution of governance to maintain
cohesion during social and economic disturbances (e.g. multidecadal drought or warfare), a
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regional polity may experience unstable periods of low integration and the mechanisms to recover
from demographic stresses (Billman 2002; Tejeda 2008). Following Marcus (1998)), as
centralization increases, autonomous entities become bounded to the core through political ties,
economic networks, and/or conquests until the hegemony of the core reaches a maximum
territorial range of control. Marcus (2012) suggests that the development of a centralized
government and the use of military force was driven by competing agents within a polity and
competition between rival sites to secure autonomy and expand hegemonic control over
neighboring communities. This shift in political control significantly impacts the autonomy of
neighboring provinces and the social dynamics within the polity. Large regional political systems
were often governed by asymmetrical (i.e. unequal) political structures that fostered sociopolitical
instability, fragile alliances, and experienced fluctuating demographic distributions and political
dynamics (Marcus 1998:88, 2008, 2012). More recent models suggest that the growth,
sustainability, and decline of agrarian settlements and states were linked to agricultural
predictability and the scale of climatic volatility (Bird et al. 2017; Kennett and Marwan 2015;
Marston and Miller 2014). Kennett and Marwan (2015) hypothesize that the growth of agrarian
states coincides with more stable climatic conditions while highly volatile climatic trends (i.e.
multidecadal droughts) exacerbate episodes of human suffering, inter-polity conflict, warfare,
balkanization, and population decline. Though the antecedent conditions can be social and/or
ecological, at some point the core cannot maintain control of the regional political system due to a
variety of factors including internal or external stresses, a lack of unifying social structures,
warfare, and/or environmental instability, and this leads to the decentralization and regional
balkanization, and also population movement to more prosperous regions.
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Rise of Mayapán

Figure 1-2: The extended dynamic model framed within the Maya region (modified after Ebert 2017: Fig. 6-2; , Marcus 1993 Fig. 26).
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Overall, by combining the broader concepts from political cycling with distinct perspectives from
migration theory, urban ecology, and population genetics, this analysis permits a unique
explanatory tool for recreating premodern societal and demographic conditions.

Each data driven chapter in this dissertation addresses an individual aspect of the broader
theoretical framework concerning population dynamics during the rise and decline of premodern
urban capitals in the Maya region and the underpinning mobility patterns, dietary changes, and
genetic diversity in the city. Chapter 2 examines the level of immigration at Mayapán using
strontium (Sr) isotopic ratios from human enamel. It applies tenets from migration theory to
address the structure of local and immigrant population aggregation and adds additional insight
into the social dynamics of the city during its rise, apogee, and decline (Anthony 1990; Cabana
and Clark 2011; Cameron 2013; Wilhelmson and Price 2017). In this chapter, migration is
identified using strontium isotopic values and is defined as at least one change in residence from
outside the local isotopic range found at Mayapán. Individuals are classified using strontium
values from tooth enamel to identify local residence with matching values, regional Yucatan
immigrants (non-locals) with values outside the local range and within ranges found in the
Northern Maya lowlands, and foreigners (non-locals) with values outside the Northern Maya
lowlands (adapted from (Cabana and Clark 2011; Offenbecker 2018)).

Paleodietary studies explore human-environment relationships and the effects of intensification
and stratified access to resources and networks in premodern agrarian societies. Chapter 3
examines dietary variability between social groups and temporal periods using an urban ecology
perspective to understand the effects of niche construction and group cohesion at Mayapán
(Briggs et al. 2006; Isendahl and Barthel 2018). Research at Maya urban centers suggest
cityscapes functioned as political capitals and agro-urban systems (“green spaces”), where
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residents utilized a diverse combination of mechanisms and land use strategies including agrarian
production, craft manufacture, and social activities to form an ecological niche to buffer against
irregular social and environmental conditions (Barthel and Isendahl 2013; Chase and Chase
1998a; Fletcher 2009; Graham 1999; Isendahl 2012; Isendahl and Smith 2013; Netting 1993).
The long-term sustainability of urban centers depends on how resilient communities were to
overcoming social and economic stresses, and how the community rebounded from severe crises,
such as disease, drought, warfare, and other disasters (Barthel and Isendahl 2013; Freidel and
Shaw 2000). Though researchers have identified greater levels of inequality between social
classes during the Preclassic, Classic, and Terminal Classic Period burial contexts and diets
(Ebert et al. 2019; Somerville et al. 2013; Williams et al. 2005), socioeconomic differentiation at
Mayapán is less stark between burials, which may suggest more parity between the social groups
and residents of the city and potential economic mobility within the hierarchal structure of the
city (Brown et al. 2012; Masson and Freidel 2012; Masson and Peraza Lope 2004). This analysis
explores inter-polity dynamics at Mayapán during the Postclassic Period and contrasts the results
with a variety of regional capitals and settlement from other time periods.

Despite the rich history of archaeological and linguistic research, little is known about the
molecular history and demographic events that shaped the settlement patterns and structure of
ancient Maya populations. There is an absence of high resolution ancient genetic profiles from
the Maya region and the dynamic population events that shaped the genetic history of the Maya
remain unresolved from a molecular perspective. Archaeological data and retrospective colonial
histories suggest Mayapán’s population represented diverse ethnic groups from across the Maya
lowlands and potentially central Mexico and the Southern highlands. Chapter 3 explores the
ancient mitogenomic structure and genetic diversity at Mayapán and the biological relationships
between ancient and contemporary Maya populations. Ancient DNA (aDNA) data generated from
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Next-Generation Sequencing (NGS) provides a new perspective into the demographic history of
premodern populations. While NGS is becoming a prominent tool used to reconstruct the origins
and relationships among and between populations, this approach has only recently been applied to
questions about the population history across ancient Mesoamerica. Mitogenome haplotypes and
allele diversity are used to establish the maternal genetic structure at the city and explore genetic
affinity across the Maya region.

Archaeological background

Research into the Mesoamerican cultural region has revealed a complex demographic history that
began during the Late Pleistocene Paleoamerican colonization of Central America and was
influenced by several millennia of population growth, migrations, resettlements, and declines
resulting in a branched mosaic of distinct cultures, languages, and ethnic groups. This is
highlighted by patterns of societal growth and collapse that formed the major pre-Columbian
civilizations that inhabited the Gulf Coast, Central and Western Highlands of Mexico, Oaxaca,
and the Maya region. The Maya form a distinct cultural and linguistic border that encompasses
the Yucatan Peninsula of Mexico, Guatemala, and Belize and stretches from the Isthmus of
Tehuantepec to western Honduras and El Salvador (Carmack et al. 2016). The following section
is a background synthesis of the cultural developments of the Maya region.

The Maya region is predominantly grouped into three major zones (i.e. Northern, Central, and
Southern regions) that roughly correlate with topography, linguistic distributions, and periods of
occupation (Campbell et al. 1986; Carmack et al. 2016; Demarest 2004; Foster 2009; Hodell et al.
2004, Figure 1-3). Though many cultural characteristics are shared across Mesoamerican
civilizations, the Maya region is primarily defined by the distribution of Mayan languages,
13

distinct ethnic groups, and unique genetic characteristics that differentiate the Maya from
neighboring populations (Campbell and Kaufman 1985; Gojobori et al. 2015; González-Martín et
al. 2015; Lohse 2010; Moreno-Estrada et al. 2014).

Figure 1-3: Locations of Mayapán and major ancient Maya sites and regional boundaries
mentioned in the text.
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Contemporary Mayan has four major branches represented by ~30 unique languages that are not
evenly distributed throughout the region suggesting various patterns of isolation, migrations,
diffusion, and cultural interaction beginning more than 5,000 years ago (Aissen et al. 2017;
Dahlin et al. 1987; Lohse 2010). Although the Maya are often lumped together, decades of
archaeological, linguistic, and modern molecular research has revealed substantial regional
heterogeneity and temporal variation in the material culture, lexical varieties, and genetic
substructure that reflect a dynamic history of local population growth, migrations and
interregional interactions, and political and demographic events (Campbell 2000; Carmack et al.
2016; Justice 2011; Kaufman 2017; Moreno-Estrada et al. 2014; Posth et al. 2018).

The chronological framework of the Maya region is divided into multiple periods and subperiods,
which reference major events, regional trends, and archaeological characteristics (Table 1-1,
Chase et al. 2014; Demarest 2004; Foster 2009). Preliminary colonization and habitation of the
region by Paleoamerican hunter-gatherers began during the Late Pleistocene (>11,000-7,000
BCE) (Acosta-Ochoa 2012; Chatters et al. 2014; Collins et al. 2015; Kennett, Thakar, et al. 2017;
Posth et al. 2018). Population densities were low and subsistence strategies focused on mobility
and the exploitation of wild plant and animal resources. During the Archaic period (7000 – 2000
BCE), hunter-gatherer populations began to cultivate maize, squash, beans, and other foods in the
Maya region and across Mesoamerica (Kennett 2012; Kennett, Thakar, et al. 2017; Kistler et al.
2018; Neff et al. 2006; Piperno and Smith 2012; Pope et al. 2001; Ranere et al. 2009). Prior to the
expansion of the Mayan language groups, Proto-Mayan speakers likely settled in the western
Guatemala highlands and Chiapas more than 5,000 years before present (BP) (Campbell 1997;
Carmack et al. 2016). By the end of the Archaic Period, many early settlements showed evidence
for increased reliance on sedentism, intensified agriculture, and social differentiation that would
lead to the economic foundations of Preclassic regional centers resulting in high population
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densities, surplus economies, and hierarchal institutions (Chase et al. 2014; Foster 2009; Sabloff
1994; Nichols and Pool 2012).

The Preclassic Period (2000 BCE – 250 CE) is associated with a variety of transitions in the
Maya region including increased sedentism, intensified and expansive agriculture, shared “PanMesoamerican” motifs, “international” interaction/exchange networks, and the spread of protoMayan language groups (Chase et al. 2014; Demarest 2004; Lohse 2010). Linguistic models
estimate that the divergence and spread of Mayan speakers occurred during the Archaic Period
with the most diverse eastern branch mainly distributed in the Southern region (i.e. Mamean
(~1600 BCE) and Quichean (~1200 BCE)), while the Yucatecan branch in the north and Central
lowlands (~1400 BCE), the Ch’olan and Q’anjobalan branches in the west (~1400 BCE), and the
Huastecan branch (~2200 BCE) migrating outside the region eventually settling along the eastern
Mexican Gulf Coast (Wastekan; ~1500 BCE) (Campbell 1997; Kaufman 1976, 2017; Law 2013).
Although Mayan language groups have substantial antiquity, there are disagreements between
researchers as to the divergence of Mayan branches, the impact of proto-Mixe-Zoque speakers
from the Isthmus of Tehuantepec that interacted with early Maya groups (Campbell and Kaufman
1985; Lohse 2010) and which distinct languages were spoken and/or carved into stone
monuments during later periods (Houston et al. 2000; Houston and García-Gallo 2004).
Nevertheless, evidence for sedentary villages is sparsely found prior to 1,000 BCE in the Maya
lowlands, but developments in regional complexity after 900 BCE indicates the rapid growth of
villages and centers, and by 600 BCE, regional continuity in “Maya” ceramics and architecture is
evident (Chase and Chase 2012; Inomata et al. 2015; Rosenswig et al. 2014).
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Table 1-1. Chronological periods and regional events for the Maya lowlands.
Maya Regional Chronology
Colonial/Historic
1519-1920 CE

Major Regional Event
Maya integrated into modern nation state

Late Postclassic

1250-1519 CE

Northern Lowlands heavily occupied

Early Postclassic

1000-1250 CE

Florescence of eastern Yucatec coastal sites

Terminal Classic 2
Terminal Classic 1
Late Classic 2

900-1000 CE
800-900 CE
700-800 CE

Florescence of Chichen ltza in northern Lowlands
Political collapse in the southern Lowlands
Regional polities dominate the Lowlands

Late Classic 1

550-700 CE

Florescence of regional centers in southern Lowlands

Early Classic 3
450-550 CE
Early Classic 2
350-450 CE
Early Classic 1
250-350 CE
Late Preclassic b
1-250 CE
Late Preclassic a 300 BCE - 1 CE
Middle Preclassic 800-300 BCE
Early Preclassic
2000-800 BCE
Archaic
3500-1500 BCE

Transition to stratified regional polities
Vaulted buildings and Teotihuacan-like elite pottery
Widespread appearance of polychrome ceramics
Changes potentially reflective of a mini-collapse
Large vertical monumental constructions
Large horizontal monumental constructions
First recognizable Maya peoples
Paleo-Indian lithic points
Chase et al. 2014

During the Middle-Late Preclassic Period, increased centralization, population growth, maizebased agriculture, and sociopolitical complexity likely stimulated social change leading to the
emergence of urbanism, centralization, monumental architecture, political stratification and
divine kingship across the Maya region (Inomata et al. 2017; Nichols and Pool 2012).
Researchers have not drawn a consensus on the influence and linkage between the Gulf Coast
Olmec civilization and early Maya centers and chiefdom networks across Mesoamerica, however,
evidence suggests Preclassic interregional interaction spread commodities, traditions, and artistic
styles throughout Mesoamerica (e.g. ceramics, codices, calendars, hieroglyphs, architecture, and
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potentially political systems) (Blomster et al. 2005; Chase and Chase 2012; Freidel et al. 1993;
Hansen 1998; Neff et al. 2006; Rice 2015).

Population growth, interregional commerce, and major monumental construction events occurred
at multiple early Maya centers including Izapa and Kaminaljuyu in the Southern region, El
Mirador, Nakbe, Seibal, and Uaxactún in the central lowlands, Cahal Pech and Cerros in Belize,
and Acanceh, Dzibilchaltun, Edzna, Komchen in the Northern Lowlands. However, by ~100 BCE
many of the major and intermediate centers had begun to decline and were largely abandoned at
the end of the Preclassic Period (Chase and Chase 2012; Inomata et al. 2017). Furthermore,
lexicostatistical dates suggest relatively rapid rates of linguistic divergence after the period of
Late Preclassic population decline, which likely coincide with a period of linguistic isolation after
severe demographic reductions, increased balkanization, and the interruption of interregional
networks (Dahlin et al. 1987:378-379; Ebert et al. 2019). However, many centers in the Northern
and Central Maya Lowlands that were first inhabited during the Late Preclassic Period (e.g. Tikal
and Caracol in the Peten and Dzibilchaltun and Komchen in the western Yucatan Peninsula)
experienced considerable prosperity and growth after the Preclassic decline (Chase et al. 2014;
Chase and Chase 2012). Sociopolitical changes in material culture were highlighted by some of
the earliest entombments of Maya elites within public architecture (Coe 1990). By 250 CE, these
tombs and spaces were memorialized by hieroglyphic texts on stone monuments with information
about elite rulers, elite families, and claims over ritual locations and the extent of the kingdom
(Chase and Chase 2012) and the widespread growth of “palaces”, stelae, and innovation in
intensive and expansive agriculture (Foster 2009; Inomata and Houston 2018).

Much of the evidence that characterizes the hierarchal sociopolitical dynamics of Maya society
and the sophisticated architecture, artistic styles, cosmology, mathematics, expansive subsistence
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strategies, warfare and writing systems of the ancient Maya civilization are derived from the
regional polities and city-states that flourished and declined during the Classic Period (250 – 800
CE) across the Central and Southern Lowlands and in the Northern Lowlands during the Terminal
Classic Period (800 – 1000 CE). While many of the major and intermediate Classic Period centers
were initially settled during the Preclassic Period, the Early Classic Period is generally associated
with the emergence, growth, and centralization of regional centers including Palenque, Caracol,
Copan, Piedras Negras, Tikal, and Kaminaljuyu. Rulership at these centers was monopolized by
small elite groups leading to the expansion of monumental architecture and art, increased
stratification, documented dynastic kingdoms, and the expansion of interaction networks (Chase
and Chase 2012; Sabloff 1994). During this period in the central Mexican highlands, Teotihuacan
had become the first expansive international state and similarities between architectural designs,
artistic features, exchange items, and isotopes demonstrate interaction between Central Mexican
cultures and the Maya (Nichols 2016). By the Late Classic Period (550 – 800 CE), the Central
lowlands fluorescence developed into a dense landscape of Maya polities represented by
hundreds of large sites and urban capitals, competing kingdoms or “political superstructures”, and
a variety of intensified economic and agricultural strategies to support growing populations
(Webster 2012). However, by 900 CE environmental volatility, drought, agricultural
intensification and warfare led to the regional demise of Classic Maya kingdoms, the demise of
royal dynasties, the breakup of urban capitals, and the abandonment and depopulation of the
Central Maya lowlands (Kennett et al. 2012). The Late Classic Period demographic and political
transitions were accompanied by the florescence of large political capitals (e.g. Chichen Itza and
Uxmal) and smaller settlements across the Northern lowlands during the Terminal Classic Period
(800-1000 CE) until only one large urban capital remained during the Postclassic Period
(Hoggarth et al. 2016).
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Northern Yucatan Peninsula during the Postclassic Periods

The Postclassic Period (1000 CE – 1519 CE) is considered an era of demographic, economic, and
sociopolitical reorganization across Mesoamerica, and the final prehistoric temporal period prior
to interaction with Europeans (Aimers 2007; Sabloff 2007; Smith and Berdan 2003a). Extensive
archaeological investigations in the Maya region have expanded our understanding of ancient
Maya society, but much of this research as focused on the Classic Period (250 CE – 800 CE) and
Terminal Classic Period (800 CE – 1000 CE), which has left a gap in our understanding of
Postclassic demographic history prior to the Colonial/Historic period (1519-1920). Retrospective
assessments of Postclassic Maya society were made by Spanish chroniclers during the
“segmented century” that followed the demise of Mayapán, and the regional balkanization and
decentralization across much of the Yucatan peninsula (Restall 2018).

The archaeological contexts and sociopolitical information at Mayapán provide a unique social
and environmental setting to investigate the effects of population aggregation and migration on
the demographic structure and socioeconomic dynamics in the city during the Postclassic Period.
Multiple intensive and comprehensive research projects undertaken at Mayapán since the 1950’s
have been dedicated to understanding ancient urban life and associated activities (Brown 1999;
Peraza Lope et al. 2006; Masson and Freidel 2012; Masson and Peraza Lope 2008, 2014a;
Pollock et al. 1962; Russell 2008; Serafin 2010). A total of 208 directly dated AMS radiocarbon
human burials at Mayapán have been compiled to define four temporal periods to understand
demographic trends with in the city: establishment (1000 – 1200 CE), formation (1200 – 1250
CE), apogee (1250 – 1400 CE), and demise (1400 – 1500 CE) (Table 1-2; Kennett et al. 2016;
Peraza Lope et al. 2006; Kennett et al. in preparation). Comparing the summed probability
distribution at Mayapán to the paleoclimate records from speleothems in the Maya region,
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Mayapán formed during a wet period and persisted through a number of wet/dry intervals (Figure
1-4; Yok Balum speleothem, Belize, Kennett et al. 2012; Tzabnah Cave Chaac speleothem north
of Mayapán, Medina-Elizalde et al. 2010).

Table 1-2. Temporal periods and events at Mayapán.
Mayapán Chronology
Demise

Decline

Late Mayapán

Middle Mayapán

1400 - 1500 CE

Event
Early 15th C. political collapse and
abandonment

1300 - 1400 CE

Serial climatic hardships, famine,
warfare, unrest, outmigration; Mid 14th
C. civil unrest leading to change in
leadership and an end of violence

1180/1200 – 1300 CE

13th C. Apogee;
Episodic dedication and construction
events; Period of prosperity

Apogee

Middle Mayapán

Formation

Early Mayapán

1200 - 1250 CE

Founding of Mayapán;
Construction events

Establishment

Early Postclassic

1000 - 1200 CE

Establishment of early center

Terminal Classic

750 - 1000 CE

Unknown if the early settlement was
the political antecedent to Mayapán

Kennett et al. 2016; Peraza Lope et al. 2006
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Figure 1-4: Comparisons between Mayapán temporal periods based on 208 14C AMS radiocarbon
dates, major chronologic and K’atun events, and paleoclimate records.
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Within the Maya regional chronology, the Postclassic Period (1000 – 1519 CE) is generally
considered a period of demographic and economic transition, merchantile diversification and
establishment of international networks, and balkanized territories and political units. It is divided
into the Early Postclassic Period (1000 – 1250 CE) and Late Postclassic Period (1250-1519),
marking the major regional events during the Early Postclassic Period, include the growth of
eastern Yucatec coastal settlements, the demise of large regional capitals throughout the northern
Lowlands (e.g. Chichen Itza and Uxmal), the growth and intensification of maritime trade, and
ultimately, the establishment of Mayapán (Chase et al. 2014; Hoggarth et al. 2016; Sabloff and
Rathje 1975: 107-113; Smith and Berdan 2003a).

Mayapán is located on the northwestern karst plain of the Yucatan Peninsula in Mexico (Figure
1-3; Peraza Lope et al. 2006). The environment is arid with low annual rainfall, few potable
bodies of surface water, and a complex paleoenvironmental record that indicates variable periods
of climatic drying and multi-decadal droughts (Brown 2005; Kennett et al. 2012; MedinaElizalde et al. 2010). The geological setting is broadly composed of karstic limestone soils with
various bedrock formations, flat terrains, sinkholes (cenotes), and the Chicxulub Impact Basin
(Brown 2005; Gilli et al. 2009; Hodell et al. 2004). The rim of the Chicxulub Impact Basin forms
a distinct ~165 km diameter geomorphological landscape that is delineated by a 5 km belt of
cenotes that were created after the late Cretaceous meteorite impact (Gilli et al. 2009). The
cenotes play a key role in the regional hydrology by channeling and discharging groundwater into
the Gulf of Mexico (Perry et al. 1995) and provide the major sources of available water for
ancient Maya populations and settlement due to the scarcity of groundwater and low precipitation
in the region (Brown 2006). The ecological setting and shallow soil conditions also provided
challenges to agricultural and economic production (Beach 1998; Brown 1999; Masson and
Peraza Lope 2014a). Wild terrestrial game (e.g. white-tailed deer and peccary) and managed
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animals (turkey and dog) would have provided the main source of animal resources (Masson
1999; Masson and Peraza Lope 2008). In-field and out-field maize-based agricultural production
and household farmsteads and gardens would have provided the bulk of the food resources while
exchange networks would have supplemented cultivated food resources (Russell 2008).

After the demise of Chichen Itza and major Terminal Classic period regional capitals in the
lowlands, Mayapán was the paramount capital in the Maya region and the city was unrivaled in
political power and size during the Late Postclassic Period (Hoggarth et al. 2016; Masson and
Peraza Lope 2014a; see Rice and Rice 2009 for Colonial period Peten capital; Tiesler et al. 2017).
The capital is often depicted as an urban-administrative center where a confederacy of high status
families from western Yucatan each presided over an allied province, as well as the political,
religious, economic, and militaristic activities in and around the city (Cobos 2007; Masson and
Peraza Lope 2014a; Ringle and Bey III 2001, 2012) [Footnote: Historic documents do not
extensively detail the political dynamics within institutions of council rule (multepal) (Restall
2018:387)]. The confederation sustained a highly nucleated urban population of ~15,000-17,000
people within a 9.1 km fortified defensive wall (Russell 2008, 2013; Smith 1962). Twelve formal
gates regulated commerce and traffic into and out of the cityscape and the urban districts
consisted of walled household compounds that were associated with Maya settlements in the
northern Yucatán (Brown 1999; Hare, Masson, and Russell 2014). Many of the idiosyncratic
aesthetics of the city are considered cosmopolitan and international, emphasized by an abundance
of diverse artistic styles, international architecture, foreign deities, a monumental core, temples,
colonnades, neighborhoods, specialized workshops, and markets (Masson and Peraza Lope 2010,
2014a; Milbrath and Peraza Lope 2003, 2009; Pollock et al. 1962). These cultural affinities are
supported by retrospective historical accounts suggesting that residents and visitors had ties to
locations across the northern lowlands, and diasporas from the Peten, Honduras, coastal Tabasco,
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and the greater Caribbean coast (Masson and Peraza Lope 2014a; Ringle 2004; Roys 1962; Smith
and Berdan 2003a).

The role of population aggregation and migration during the formation, expansion, and decline of
Mayapán has been studied through extensive archaeological research and retrospective historical
accounts (Masson and Peraza Lope 2014a; Pollock et al. 1962; Restall 2018; Tozzer 1941). The
Mayapán confederacy (1100 – 1450 CE) emerged in the Early Postclassic Period in the context of
the political disintegration of regional centers during the Terminal Classic Period and Early
Postclassic Periods. With the exception of Nojpetén, Mayapán was the last major regional center
located in northwest Yucatan Peninsula and the urban setting provided a centralized location for
artisans, merchants, administrators, and nobles to oversee and influence regional commerce
through trade and exchange, marketplaces and tribute systems (Masson and Freidel 2012; Smith
and Berdan 2003a). Architectural features across the urban cityscape represented an array of local
and international styles, nucleated households, neighborhood districts (barrios), workshops and
farms, monumental core/temple zone, and natural freshwater cenotes, all encapsulated within a
9.1 km defensive wall (Brown 2006; Masson and Peraza Lope 2014a; Pollock et al. 1962; Russell
2008).

The regional polity was situated on the territorial boundary of rival Xiu and Itza ethno-political
groups (Masson and Peraza Lope 2014a) and served as the seat of a confederation formed by the
most prominent political lineages in the Yucatan (e.g. League of Mayapán, (Roys 1962; Tozzer
1941)). The co-administrative government that formed Mayapán’s political landscape integrated
populations from political lineages and affiliated towns associated with regional polities in the
Yucatan Peninsula (Masson and Peraza Lope 2014a; Ringle and Bey III 2001; Russell 2008).
While political rulership in the Maya region was complex and highly diverse (Chase et al. 2014;
25

Munson et al. 2016), many have argued that Maya urban cities were “regal-ritual” centers and
functioned as administrative or court facilities for affiliated territories (Fox 1987; Webster 2018).
Classic Maya kingdoms were founded upon divine rulership (Houston et al. 2013; Houston and
Stuart 1996; Inomata and Houston 2018) and dynastic political organizations (Chase and Chase
1996; Chase et al. 1990; Lucero et al. 2003). After the demise of Classic Maya kingdoms, Maya
courts were governed by a council of provincial lords (multepal) representing factions of regional
governors and retainers who lived in the center and presumably acted as representatives of their
communities (Restall 2018; Ringle and Bey III 2001; Tozzer 1941:26). At Mayapán, these
factions presumably vied for control and governance, which led to periods of peace and warfare,
but eventually culminating in the overthrow of political leaders through violence and sacrifice
(Masson 2015; Roys 1962).

While there is substantial debate around whether Mayapán was governed by a council or a
paramount lead the council government (multepal) that developed after the collapse of Classic
Period dynastic systems, de-emphasized the central control of individual kings and emphasized
the hierarchical polities centralized under halach uinics, which formed the political characteristics
of Postclassic regional polities (Quezada 1993; Ringle and Bey III 2001; Ringle 2004:42).
Spanish chroniclers have recorded some of these major political events, including the possible
founding of the population by the Cocom lineage, warfare events between dichotomized political
groups, the overthrow and massacre of the ruling Cocom lineage by the Xiu lineage, and the
abandonment of the city (Peraza Lope et al. 2014; Tozzer 1941). Though Mayapán remained a
pilgrimage center and a focal point in the social memory of indigenous groups throughout
Yucatan ethnohistoric accounts, including the Chilam Balam of Chumayel (Roys 1962) and
Landa’s Relaciones de las Cosas de Yucatan (Tozzer 1941), offer some insights into major events
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at the site and the abandonment of the city around 100 years before Spanish conquest (Roys 1962;
Masson et al. 2014).

Dissertation organization and research questions

This thesis is organized into three unpublished co-authored journal articles and a conclusion
chapter that synthesizes the overall study, the limitations of the research, and future research
directions. Each chapter addresses research questions using dedicated data generated for this
dissertation and a central theoretical theme. Each also addresses a specific question regarding
premodern urbanization and migration (chapter 2), dietary variability and social stratification
(chapter 3), and the genetic diversity at Mayapán (inferred from complete mitogenomes) and the
relationship between premodern and modern Maya populations (chapter 4). These will be used to
answer the broader questions introduced at the beginning of this chapter and summarize the
dissertation (Chapter 5).

Archaeological Project summaries and excavations used in this dissertation

Mayapán has a rich history of research projects that have been ongoing since the late 19th century
and have led to advances in urban archaeology, settlement archaeology, household archaeology,
bioarchaeology, and underwater archaeology. Exploration of the site began in 1841 by John L.
Stephens and Frederick Catherwood followed by numerous studies (see Table 1-3, (Andrews
1942; Brainerd 1942; Brasseur de Bourbourg 1865; Le Plongeon 1881; Morley 1938; Stephens
1843; Gann 2004; Roys 1941)). The first intensive and comprehensive excavations occurred
during the 1950’s by the Carnegie Institution of Washington (CIV; Pollock et al. 1962; Weeks
and Masson 2011), followed by Clifford T. Brown’s dissertation research which focused on
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residential contexts and the city’s social organization (Brown 1999), and two major ongoing
projects. The first is the National Institute of Anthropology and History of Mexico (Centro INAH
- Yucatan) directed by Carlos Peraza Lope, that began major excavation at the monumental center
and recovery operations across the site (1996-present; (Delgado Kú 2004; Escamilla Ojeda 2004;
González Uc 1997; Masson and Peraza Lope 2014a; Peraza Lope et al. 1999; Peraza Lope 1999),
and the second is the Economic Foundations of Mayapán Project (PEMY) directed by Marilyn
Masson of the State University at Albany, Timothy Hare of Morehead State University, and
Carlos Peraza Lope that began in 2001-present (Masson and Peraza Lope 2014a), which has
surveyed and excavated elite and commoner residents across the site and beyond the city’s main
wall. Joint INAH-PEMY studies have provided a comprehensive understanding of the social and
economic dynamics within the city.

This dissertation builds upon the legacy of previous projects and a wealth of data and results
drawn from the Carnegie (CIW), INAH (Instituto Nacional de Anthopologia e Historia), and
PEMY (Proyecto Economic de Mayapán) projects, as well as the wide-breadth of academic
publications, dissertations, and partnerships that focused on understanding the dynamics of
premodern urban life. The major excavations by the Carnegie Institution of Washington
implemented the first large-scale survey of the city and provided detailed reports on the city’s
architecture, structures, artifacts, and a map of the city wall, urban center, and residential zones
(Jones 2009; Shown in Figure 1-1; Pollock et al. 1962; Proskouriakoff 1962; Smith 1962). An
update and synthesis of these reports was published in the Carnegie Maya II: Current Reports
(Weeks and Masson 2011). Taken together, these publications primary focus was settlement and
household archaeology, in addition to applying innovative methodological and theoretical
approaches in the 1950s and beyond. After the completion of the CIW Mayapán program, major
excavations did not begin again until the dissertation research of Clifford T. Brown (Brown 1999)
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in the 1980s. Brown’s dissertation focused on the social and political dynamics at the city,
Mayapán’s geological landscape, neighborhood organization, and ethnohistoric research.

Beginning in 1996, the INAH project began major excavations and the restoration of the
monumental center with support from the government of the State of Yucatan, the Patronato de
las Unidades de Servicios Culturales y Tursticos (CULTUR), and the Secretara de Desarollo
Social (SEDESOL). INAH surveys, excavations, and analyses have mainly focused on the
monumental center (Masson and Peraza Lope 2014a:20-22) and salvage excavations in the
residential areas of the city due to highway construction projects (Peraza Lope et al. 1999). This
work has changed some of the earlier perceptions of Mayapán’s internal dynamics and new
discoveries within the material culture and architecture suggests Mayapán’s population had
significant contacts and international connections across Mesoamerica, including Oaxaca, Central
Mexico, the Gulf Coast, the Caribbean coast, and the Peten (Escamilla Ojeda 2004; Masson and
Peraza Lope 2014a; Milbrath and Peraza Lope 2003, 2009; see Rice and Rice 2009; Susan 2005).

Beginning in 2001, the Economic Foundations of Mayapán Project (PEMY) has focused survey
and excavations on elite and commoner sectors within and beyond the wall, as well as context
associated conflicts within the cityscape (Masson and Peraza Lope 2014a). INAH-PEMY
collaborations have continued to make discoveries across Mayapán’s cityscape and have
developed a more comprehensive understanding of premodern urban life-history. The
reconstruction of the economic and social underpinnings that sustain the city’s population within
barrios, households, and ritual structures, and the events that led to the collapse of the polity (e.g.,
Hare, Masson, and Russell 2014; Jiménez-Cano and Masson 2016; Kennett et al. 2016; Ledogar
2018; Peraza Lope et al. 2006; Masson et al. 2002, 2016, 2010; Masson, Peraza Lope, et al. 2006;
Masson and Peraza Lope 2004, 2007, 2008, 2010, 2014a; Russell 2008; Serafin 2010).
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Table 1-3. Excavation history at Mayapán used in this dissertation.
Project

Year

Main Reference

1841; late 1800s; 1930s - 1940s

Andrews (1942); Brainerd (1942, 1948);
de Bourbourg (1866); Le Plongeon
(1882) Morley (1938); Stephens 1963;
Morley (1918), Gann (2007), Roys
(1941), Patton (Morley 1938)

1949 - 1955

Pollock et al. (1962); Roys (1962)

1980s and early 1990s

Brown (1999;2005;2006)

Mayapán Project at the site’s monumental center;
surveying, excavating, interpreting the monumental core

1996–present

PerazaLope et al.
(1997;1999b;1999c;2002;2003;2004);
Delgado Ku (2004); Escamilla Ojeda
(2004); Delgado Ku (2009);Cruz
Alvarado (2010)

surveyed and excavated elite and commoner residences
within and outside Mayapán Great Wall; Analyze and
intrepation of the economic structure

2001–present

Masson and Peraza Lope (2014)

Salvamento arqueológico en la modernización de la
carretera Mérida-Mayapán-Oxkutzcab 1998 (RESCCARR-MT-TB'98)

Salvage operations

1997-1998

Peraza Lope et al. (1998)

alvamento Arqueológico Modernización de la
Carretera Mérida-Chetumal, Tramo Teya-Límite de
Estados Yucatán/Quintana Roo (SMC'15)

Salvage operations

2015-2016

Peraza Lope et al. (in preparation)

Misc.

Milbrath(2011); Milbrath and Peraza
Lope(2003;2009a); PerazaLope and
Delgado Ku(2009); Milbrath et al.
(2010); Roys (1941)

Initial site exploration and archaeological projects

Carnegie Institution of Washington’s (CIW)
Mayapán project
Clifford Brown Excavations

Instituto Nacional de Antropologia e Historia
(INAH)

Economic Foundations of Mayapán Project
(Proyecto Economic de Mayapán, PEMY)

Additional research projects

Main Research Focus
Preliminary excavations and surveys prior to the
Carnegie Institution of Washington archaeological
program
Settlement and household archaeology; large-scale
survey and mapping; ethnohistoric analysis
Social organization and Mayapán geological and built
landscape; residential zones; ethnohistoric analysis

architectural and artistic remains from the city’s ritual
center; murals, effigy censers, ritual architecture and the
relationships between such visual culture and
sociopolitical and religious organization.
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Chapter Summaries

The three substantive chapters in this dissertation are focused on: migrations that shaped the
population structure, economic stratification and diet, and the genetic variability. Mayapán’s
burial population is important to the broader understanding of premodern urban dynamics and
genetic diversity in the Yucatan Peninsula prior to the arrival of Europeans. The burial sample
offers an opportunity to examine the relationships among urban resident’s living at the last major
urban capital in the Northern lowlands and test hypotheses regarding migrations, demographic
changes, social differentiation and the resilience of economic (dietary) institutions at the city, as
well as comparisons between institutions across the Maya region. All of the human burials
included in this study were mainly recovered during INAH and PEMY excavations (Table 1-4;
Appendix D).

Table 1-4. Human skeletal samples within each temporal period, socioeconomic status group, and
mortuary zone.
Temporal Period

Monumental Core
Settlement Zone
commoner elite mass burial commoner elite mass burial Total
Terminal Classic Period a
0
0
0
4
0
0
4
a
Early Postclassic Period
4
3
0
2
2
0
11
Early Mayapan Period b
5
12
17
19
12
7
72
Middle Mayapan Period c
11
23
30
12
11
12
99
d
Late Mayapan Period
0
3
12
5
3
0
23
Total
20
41
59
42
28
19
209
a

Establishment (1000 – 1200 CE)
Formation (1200 – 1250 CE)
c
Apogee-Decline (12500 – 1400 CE)
d
Demise (1400-1500 CE)
b

Chapter 2 examines the temporal trends in local aggregation and regional immigration during the
formation, apogee, and demise of Mayapán. As the most powerful and influential urban capital
during the Postclassic Period in the Maya region, Mayapán was a centralized location for
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administration, commerce, and defense. The cosmopolitan features of the city suggest that people
had access the macro-regional networks that reached as far as Honduras, the Gulf Coast, and
potentially central Mexico, but the majority of the population likely originated from local towns
and polities near the city and allies in the hinterland areas. The rapid growth of the city suggests
migration would have played a substantial role in the expansion of the population while also
stabilizing the urban population over time (Masson and Peraza Lope 2014a:559). Though the
material culture within peninsular Yucatán communities was not highly distinctive and
immigrants to Mayapán are not distinguishable based on material culture alone (Masson and
Peraza Lope 2010), local and regional immigrants would have contributed to the sociopolitical
organization of the polity, bringing new ideas that would fuel innovation in the urban center
(Bettencourt 2013; Bettencourt et al. 2007). Furthermore, as an administrative center, regional
lords are expected to have continued in-migration from their original towns while access to the
macro-regional network would have brought both locals and foreigner to participate in the
merchantile system at Mayapán. Multiple founding events and competition within the polity also
suggests internal violence led to patterns of out-migrations between political rivals, but also
return migrations. Changes in the form of migration may indicate the reorganization of the polity
during different periods. Identifying changes in the dynamics of the population structure,
interregional mobility, and foreign immigration remains a challenge in the study of human
aggregation.

To address the structure/form of migration in the city, chapter 2 examines interregional patterns
of population movement using enamel strontium isotope values from 58 individuals. The level of
mobility in the population is also explored using a subset of 16 individuals with two strontium
data proxies (first molar and third molar). The strontium values are used as proxies to identify
local, regional Yucatan, and foreign population aggregation during the formation (1200 – 1250
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CE; n=18), apogee-decline (1250 – 1400 CE; n=27), and demise (1400 – 1500 CE; n=8) of the
Mayapán polity. Migration patterns in the Maya region are expected to 1) occur within a polity or
region, 2) will vary in scale across different regions, and 3) the structure/form will vary over time
(Freiwald 2011a).

The Sr results demonstrate that local and regional aggregation from the northern Maya lowlands
remained consistent throughout all three temporal periods with little to no change in form.
Furthermore, data from the third molar of 16 burials supports high residential mobility during
childhood and adolescence prior to interment at Mayapán. Though there is considerable overlap
between socioeconomic groups within the sample population, there is more isotopic similarity
between the origins of high-status burials inside the monumental core when compared to the lowstatus burials in the settlement zone, who all exhibited non-local values. Additionally, burials
identified as casualties more often than not exhibited non-local values and share more isotopic
similarity with high-status burials in the settlement zone, which may have been the result of
increased civil conflicts (Peraza Lope et al. 2006; Paris et al. 2017). These findings support the
cosmopolitan features of the urban composition but indicate that the migration networks were
restricted to the northern and central Maya lowlands instead of far reaching ‘international’
connections as suggested by retrospective historical documents.

Previous archaeological research at Mayapán has demonstrated that an array of architectural
styles, households, neighborhoods (barrios), material wealth, commercial industry, and warfare
played a fundamental role in the social and economic organization of the city (Brown 1999; Hare
and Masson 2012; Kennett et al. 2016; Masson et al. 2014, 2016; Milbrath and Peraza Lope 2003;
Paris et al. 2017; Pollock et al. 1962). Nevertheless, the relationship between human diet and the
complex socio-ecological systems at Mayapán remain to be explored. Mayapán has many
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features of a garden city that indicates the subsistence economy relied on a combination of
strategies to sustain the population. Household archaeological research suggests relatively low
socioeconomic differentiation compared to Classic Period urban centers (Masson et al. 2016;
Masson and Peraza Lope 2014a). Masson and colleagues hypothesize that the merchantile and
market economies within the city’s great wall increase accessibility to resources. However,
complex political dynamics within the cityscape indicate internal and external conflicts that may
have impacted commerce.

The stable carbon and nitrogen isotopic data from urban residences is used to infer dietary
diversity and access to different economic and social networks. Chapter 3 focuses on dietary
stability and urban ecology using stable carbon and nitrogen isotope dataset of 191 individuals
representing all chronological periods. This includes an additional 65 new stable isotope values
from terrestrial faunal samples to help characterize the available wild, managed, and domesticated
animals in the subsistence economy. This chapter presents new stable isotope data from multiple
contexts to test changes in socio-economic access to resources and to explore how the urban
population adapts to the growth and decline of the polity.

Recent ancient genome studies have provided new information expand our understanding of the
peopling of the Americas (Lindo et al. 2018; Posth et al. 2018), molecular relationships in the
American Southwest and northern Mexico (Kennett, Plog, et al. 2017; Morales-Arce et al. 2017),
and the genetic makeup of pre-Colonial populations across North and South America (Barbieri et
al. 2017; Fehren-Schmitz et al. 2015; Fehren‐Schmitz et al. 2011; Lindo 2015; Llamas et al.
2016), but little attention has been given to the population dynamics at large urban capitals in
Central America. Advances in Next-Generation sequencing (NGS) platforms now offer a reliable
method to assess preservation and assemble high-resolution genomes and study premodern
34

demographic events including geographic isolation, population aggregation, and migration
(Mizuno, Kumagai, et al. 2017; Nieves‐Colón et al. 2018; Ochoa-Lugo et al. 2016).

Chapter 4 presents ancient DNA data from 23 burials recovered from within the monumental
core and Itzmal Chen temple at Mayapán. The chapter examines Postclassic mitogenomic
diversity and compares genetic affinities within the population and between 41 previously
published mitochondrial sequences to gain more insight into the population history. Premodern
population dynamics are explored at the urban capital of Mayapán (1100-1450 CE) using 23
complete and near-complete mitogenomes. Our analysis reveals 22 unique A2 and C1 haplotypes
within the burial sample at Mayapán. Comparisons between ancient and contemporary mtDNA
data suggest Mayapán shares genetic affinities with distinct autochthonous A2 sub-haplogroups
found in the Maya region and discontinuities between ancient and modern B2, C1, and D1
haplogroups. Given the high haplotype diversity and the lack of shared identical lineages, we
argue that the Mayapán population history was influenced by a high degree of genetic exchange
with neighboring Maya communities.
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Chapter Two

Strontium isotopic evidence reveals high levels of in-migration during the
formation, apogee and decline of the Postclassic city of Mayapán
Richard J. George, Stanley Serafin, Marilyn A. Masson, Carlos Peraza Lope, Lori Wright, John
Krigbaum, George Kamenov, Douglas J. Kennett
The ancient capital of Mayapán was the final highly nucleated urban settlement in the Northern
Yucatan during the 12th – 15th centuries prior to contact with the Spanish. After the disintegration
of Terminal Classic regional centers by the 12th century, Mayapán (AD 1100–1450) emerged as
the most dominant polity and economic entity in the Maya region. It is believed that the city was
established by ethnopolitical rivals and served as the regional seat of governance and commerce,
connecting confederated towns and territories across the Yucatan until its abandonment in the
context of warfare, civil conflicts and factional competition. Increased urban development during
the 12th and 13th centuries indicate that people were drawn to the fortified cityscape from
communities across peninsular Yucatan, and as far as central Mexico and Honduras. However,
the extent of the migration structure remains unknown.
Here we examine the process of urbanization using strontium isotope ratios from human enamel
to shed light on the organization of the polity during the formation (1200-1250 CE), apogee
(1250-1400 CE), and decline (1400-1500 CE) of the city (N=58). Our results support consistent
local aggregation from within the Chicxulub Basin (n=24) and regional immigration from across
the Yucatan Peninsula (N=34). Although we did not identify migrants from outside the Maya
lowlands, the results suggest regional and foreign immigration remained a key component of the
population structure during all three temporal periods. Indeed, data from the third molar of 16
burials suggests high residential mobility during childhood and adolescence prior to interment at
Mayapán. While we identified considerable overlap between socioeconomic groups within the
sample population, we found more similarity between the origins of high-status burials inside the
monumental core and the low-status burials than high-status burials in the settlement zone, who
all exhibited non-local values. In total 13 out of the 17 casualties also exhibited non-local values
and share isotopic similarity with high-status burials in the settlement zone. We argue that the
high isotopic similarity between the burial groups was a result of civil conflicts within the city’s
population but we cannot rule out raids or warfare. Overall, these findings suggest that the urban
composition of the population consisted of a high percentage of first-generation immigrants and
demonstrates the cosmopolitan and “international” organization of the polity during the
Postclassic period.
Urbanization is a multidimensional process of social and demographic transition, in
which rural communities grow into metropolitan cityscapes and develop political, cultural, and
economic institutions to adapt to ever changing environmental conditions, demographic growth
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and conflicts. In the Maya region, this transition is often characterized within the context of
political and demographic cycling, a transient process involving centralization, population
aggregation, depopulation and subsequent reorganization (Marcus 1998, 2008, 2012).
Researchers have argued that the political structure of regional capitals in the Northern Lowlands
during the Terminal Classic Period resulted from a transition away from competing dynastic
kingdoms during the Early and Late Classic periods to more confederated polities (Ringle and
Bey III 2001; Sabloff 2007; Schele and Freidel 1990). Though it must be noted that Early Classic
Period cities in the Northern Yucatan, such as Izamal, Chunchucmil and Oxkintok were as large
and socially complex, resulting in patterns of cosmopolitan, multiethnic capitals (Andrews 1993;
Kepecs et al. 1994; Krochock and Freidel 1994). However, the rise of cosmopolitan capitals in
the Northern Lowlands during the Terminal Classic Period coincided with significant increases in
population and political complexity after the decline and depopulation of Maya polities in the
central and southern lowland Maya regions at the end of the Classic Period (Dunning et al. 2012;
Inomata 2014; Inomata et al. 2017; Kennett et al. 2012; Kennett and Marwan 2015; Kepecs and
Masson 2003). Scholars suggest that the subsequent demographic expansion involved local
demographic growth and the immigration of displaced populations that reorganized during
centuries of political turmoil and environmental change (Laporte 2004; Sabloff 2007; Webster et
al. 2004).

As populations expanded, independent urban centers were subsumed into large regional systems
with capitals at Uxmal in the Puuc region of western Yucatan (AD 750-1100) and Chichen Itza
on the northeastern plains (AD 900-1150; Andrews et al. 2003; Hoggarth et al. 2016); similar
processes also seem to have been at work in the Postclassic at Mayapán on the northwestern
plains (AD 1150-1441; Peraza Lope et al. 2006). Researchers hypothesize that these regional
capitals were characterized by the aggregation of diverse communities that formed a governing
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system based on council rule or joint-rule (multepal) (Chase and Chase 2006; Kepecs and Masson
2003; Masson and Peraza Lope 2014a; Schele and Freidel 1990). The reorganization of political
institutions and regional capitals likely contributed to these cycles of urbanization and population
aggregation, during which communities and/or ethno-political groups transitioned between smallscale settlement and more centralized urban centers. As urban capitals were often important
centers for administration and commerce, they provided a central place for local and foreign
population growth. However, details on the process of urbanization and the structure of migration
in the northern Yucatan are relatively unknown.

We focus our study on the last urban capital in the Maya region prior the arrival of the Spanish.
Mayapán developed into the largest regional capital in the wake of Chichen Itza’s political
demise and decentralization during the Terminal Classic and early Postclassic Periods (AD 9001050) (Andrews et al. 2003; Hoggarth et al. 2016; Peraza Lope et al. 2006; Masson et al. 2014)
(Figure 2-1). Archaeological evidence and retrospective historical records suggest Mayapán’s
cityscape was cosmopolitan and multiethnic (Masson and Peraza Lope 2014b; Serafin et al.
2014), but it is unclear if rapid expansion of the city was a product of local aggregation or
involved the recruitment of populations from greater distances involving immigration from
hinterland communities that were allies and vassal towns of Mayapán (Kowalewski 1990;
Masson and Peraza Lope 2014b). However, primary sources suggest the city experienced
prolonged violent conflicts and periods of environmental stress that impacted the population
dynamics leading to the eventual collapse and demise of the polity (Peraza Lope et al. 2006;
Masson and Peraza Lope 2014b; Milbrath and Peraza Lope 2003; Paris et al. 2017; Serafin 2010).
Historical accounts suggest that the city was founded during a period of political unification
between ethnopolitical rivals, but it is unknown whether the population was derived from local
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communities and diversified through regional interaction and immigration or shifted due to
warfare, conflicts and competition between ethno-political groups (Roys 1962; Tozzer 1941).

Figure 2-1: Map of Mayapán and archaeological sites mentioned in this chapter.

Though interpreting historic information on the political organization of the northern lowlands is
not straightforward, the accounts set a baseline expectation for Mayapán’s complex political
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configuration within the Maya Lowlands and potential dynamics between the ethno-political
lineages who participated in the system prior to Spanish contact. The two primary factions
mentioned in retrospective documents were the Cocom and Xiu that formed the core of the
Mayapán confederacy (Masson et al. 2014; Quezada 2014; Restall 1999; Rice and Rice 2009;
Roys 1962; Tozzer 1941). Historic documents suggest that during the demise of Mayapán, many
people and lineages returned to their original settlements and reorganized into more autonomous
political units (e.g. Kowoj in the Peten) (Restall 2018; Rice and Rice 2009). When the Spanish
arrived in the 16th century, the decentralized political landscape was segmented and characterized
by shifting alliances, contested boundaries, conflict and warfare (Quezada 1993:37-38; Restall
2018).

In this study we analyzed tooth enamel from 58 burials with individual AMS radiocarbon dates,
demographic data and socioeconomic classifications to understand the process of population
aggregation and migration at the city. Strontium isotopes will provide an empirical assessment of
burial origins to understand the process of urbanization and population aggregation and determine
if the population was derived from local or foreign individuals. Burials were classified as local,
regional northern lowlands (non-local), or southern lowland (foreign) members of the mortuary
population to determine if residential mobility was consistent during the formation and demise of
the polity. We compared the Mayapán results to multiple Classic and Postclassic period sites in
the Maya region to assess similarities and differences in migration patterns to determine if
Mayapán’s population history was unique.

Postclassic period population movements were complex and aggregation was likely impacted by
changes in local population growth, varying rates of migration, sociopolitical strategies and
conflicts, and mercantile and economic activities. Warfare and civil conflicts are expected to have
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impacted the population structure due to high rates of out-migration, the process of political
cycling, and subsequent population replacement. Archaeological evidence has not identified
definitive boundaries or associations with specific ethnic groups at Mayapán (Masson and Peraza
Lope 2010). In fact, the degree of standardization in the site’s material culture suggests efforts by
Mayapán’s rulers to promote cohesion and a unified state identity. However, the biological and
demographic affinities between status groups and burial contexts (Serafin et al. 2014) and interpolity conflicts (e.g. Itzmal Ch’en burial group, (Paris et al. 2017)) may indicate connections
between spatial and social units within the cityscape.

The Maya were highly stratified and status played a significant role in ancient Maya
communities. Status would have impacted the mobility among different segments of Mayapán’s
population and understanding the level of migration between burials will help us understand the
population dynamics within the city. The city’s commoners and elites alike participated in the
Postclassic Mesoamerican world system, for example through the integration of household
economies under localized administrators (or families) (Kepecs and Masson 2003; Masson, Hare,
et al. 2006; Paris 2012). This system connected urban zones at Mayapán to other communities in
the region via the conveyance of specialized goods, resources, and ideological knowledge
(Masson 2015; Masson and Freidel 2012; Smith and Berdan 2003b) and when Mayapán
collapsed, people returned to their places of origin or formed new communities (Restall 2018).

The goal of this chapter is to determine the structure and scale of migration at Mayapán to
address the following research questions: 1) What was the proportion of non-local individuals at
the city and what were the likely origins of the immigrants and foreigners? 2) Did migration vary
between the major temporal periods at the site (founding, apogee, demise)? 3) Do elites,
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commoners, and casualties exhibit different migration patterns and do spatial differences exist
within the city?

Background

Population dynamics of Mayapán

Mayapán (Figure 2-1) developed as a regional capital in the wake of Chichen Itza’s political
demise and associated regional population decentralization during the Terminal Classic and early
Postclassic Periods (AD 900-1050) (Andrews et al. 2003; Hoggarth et al. 2016; Peraza Lope et al.
2006; Masson and Peraza Lope 2014b). The regional polity was situated on the territorial
boundary of rival Xiu and Cocom ethnic-political groups (Peraza Lope et al. 2014) and served as
the seat of a confederation formed by the most prominent political lineages in the Yucatan (e.g.
League of Mayapán, (Andrews et al. 2003; Masson and Peraza Lope 2014b:114; Milbrath and
Peraza Lope 2003; Pollock et al. 1962; Roys 1962). Unlike some earlier forms of political
rulership in the Maya Lowlands, such as divine kingship, researchers suggest political power and
rule was by a council of lords (multepal), from factions of regional governors and retainers who
lived in the center and presumably acted as representatives of their communities (Restall 2018;
Ringle and Bey III 2001; Tozzer 1941:26). These factions vied for control and governance over
the Mayapán confederacy, leading to periods of peace and warfare, which eventually culminated
in the overthrow of political leaders through violent civil conflict (Masson et al. 2014; Roys
1962). The co-administrative government that formed Mayapán’s political system derived from
ethnic-political lineages that aggregated from multiple regional polities across the Yucatan
Peninsula that may have included (from west to east) Ah Canul, Chakan, Mani, Cehpech,
Hocaba, Ah Kin Chel, Sotuta, Cupul, Cochuah, Tases as confederated members, Uaymil,
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Chetumal, and Itza as allied polities, and Canpech, Champoton, Chikinchel, Ecab, and
Dzuluinicob as independent polities (Andrews 1993; Jones 1998; Masson et al. 2014; Roys
1962). The political affiliations of the early Colonial period suggest regional provinces were more
segmented entities rather than centralized powers (Ringle and Bey III 2001; Roys 1962). Many
researchers point to Colonial records that suggest northern provinces de-emphasized central
control by individual kings and emphasized councils of headmen (batabs) from each village who
were governed by their head or chief (halach uinic) within the province (Quezada 2014; Restall
2018; Ringle and Bey III 2001:20; Ringle 2004:42). Spanish chroniclers have recorded some of
these major political events, including the possible founding of the confederacy by the Cocom,
warfare events between political groups, the overthrow and massacre of the ruling Cocom lineage
by the Xiu lineage, and the abandonment of the city (Peraza Lope et al. 2014; Tozzer 1941).
Though Mayapán remained a pilgrimage center and a focal point in the social memory of
indigenous groups throughout the Yucatan, the ethnohistoric accounts, including the Chilam
Balam of Chumayel (Roys 1962) and Landa’s Relaciones de las Cosas de Yucatan (Tozzer 1941)
offer some insights into major events at the site and the abandonment of the city around 100 years
before Spanish conquest (Masson et al. 2014; Roys 1962).

Mayapán’s political and economic influence was maintained through local and foreign trade and
exchange with communities in the eastern and western Yucatan coasts, central Maya lowlands,
central Mexico, Oaxaca, and the Gulf coast of Mexico (Masson and Peraza Lope 2014a). During
the Postclassic period, the city was the largest, high density urban population center in the Maya
region and was comprised of competing ethnic-political lineages, administrative and religious
groups, crafts specialists, merchants, farmers, and military conscripts from confederated towns
within the peninsular Yucatan. Upon the founding of the city, the nobility divided the land and
resettled the community with commoners from confederated towns (Roys 1962). Lords from
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confederated towns constructed residences at Mayapán while “subjects” provided services
(Tozzer 1941:62-64). The distribution of elite and non-elite dwellings throughout the urban zone
indicates a variety of social classes took up residence within the city (Chase and Chase 1992;
Masson and Peraza Lope 2014a). The population dynamics represented in the archaeological and
ethnohistoric accounts at Mayapán also point to a thriving artisan and mercantile community
(Masson 2015). In addition to a political and economic administration center, Mayapán was an
important center for religious activities with influence on allied polities throughout the Maya
region (Milbrath and Peraza Lope 2009; Proskouriakoff 1962; Rice and Rice 2009; Smith 1962).
The rapid growth of Mayapán is evident in the architectural features and the material culture
provides evidence of a diverse urban population that participated in locally-based manufacturing
and craft production (Masson et al. 2016), market exchange (Masson and Freidel 2012), and the
consumption of local and imported commodities (Hare, Masson, and Peraza Lope 2014).

Population aggregation is thought to have increased at Mayapán after the establishment of the
settlement in the Early Postclassic Period as Terminal Classic centers went into decline.
Ethnohistoric accounts suggest that Mayapán was composed of groups from the Yucatan
Peninsula and more distant areas, including Campeche, Tabasco, the Peten, and the Caribbean
coast (Masson and Peraza Lope 2010; Hare, Masson, and Peraza Lope 2014; Tozzer 1941:32).
Mercantile models in the Postclassic infer that elite and commoner economies relied on regional
merchants to transport items along trade-routes connecting sites within the Yucatan Peninsula to
the Gulf coast, Tabasco, the Peten region, and Honduras (Masson et al. 2016; Masson and Peraza
Lope 2014a; Rice and Rice 2009; Sabloff 2007). Additionally, environmental and political
models suggest population aggregation fluctuated based on environmental factors (e.g. droughts
and wet periods), political divisions, warfare, and demographic recovery. The defensive
configuration of Mayapán, bioarchaeological data, and ethnohistoric accounts all suggest episodic
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turmoil between elite lineages that led to the formation of political alliances and the
reorganization of populations. Broad residential models suggest migrations involved the
movement of kin-based groups within the home community over short distances, primarily for
social reasons (Anthony 1990; Freiwald 2011b; Miyazaki 1998); however, the administrative
organization of Mayapán linked local and foreign settlements, suggesting the resettlement of
ethnic enclaves or diasporas from distinct regions of Mesoamerica (Hare and Masson 2012;
Masson and Peraza Lope 2014a; Rice and Rice 2009). In Landa’s 16th century retrospective
account of the founding of Mayapán, population aggregation to the capital is loosely described
within the context of lords resettling people from affiliated towns and territories to the city
(Tozzer 1941:23-26):
“They ordered other houses should be constructed… where each one could keep some
servants and to which people from their towns could repair when they came to the city on
business. Each one (lord) thus established in these houses his majordomo… he kept account with
the towns and with those who ruled them, and to them was sent notice of what was needed in the
house of their lord.”
Burials within shrine ossuaries in the ceremonial center (Q.71, Q-88c, Q-89, Q-90, Q-98, Q-149)
are associated with the migration of elites from beyond northwest Yucatan based on the
comparison of regional biodistance measures and dental traits (Serafin et al. 2014, 2015).
According to Landa (Tozzer 1941:32-36), increasing numbers of foreign people were invited to
Mayapán, including mercenaries (Ah Canules) on the Gulf coast of Tabasco and at Xicalango.

Strontium data and migration in the Maya Region

Over the past several decades, archaeological studies have used strontium ratios (87Sr/86Sr) from
skeletal remains to explore patterns of residential mobility and reconstruct ancient migration
histories across the Maya region during the Preclassic to Historic periods (Cucina et al. 2015;
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Freiwald 2011b; Price et al. 2010, 2015; Price, Tiesler, et al. 2018; Sharpe, Emery, et al. 2018;
Somerville et al. 2016; Sosa et al. 2014; Tiesler et al. 2017; Wright 2005, 2012; Wright et al.
2010). These studies have demonstrated the feasibility of the approach to identify the locality of
humans and animals in the Maya region based on the analysis of biogenic strontium values
(Freiwald 2011a; Price et al. 2008, 2015; Scherer and Wright 2015; Sosa et al. 2014; Wright et al.
2007; Wright 2005). Often combinations of geologic bedrock samples and local fauna are used to
identify the region where a person lived during childhood and/or adolescence compared to the
baseline setting of where they were buried. Previously published strontium isotope studies have
identified distinct regional differences that can be used to identify the geologic origin of human
burials in the Maya region (Hodell et al. 2004). While there are similarities in underlying
geological features across the Yucatan, the integration of broad geological sampling studies and
biologically available samples from archaeological sites (i.e. human burials and faunal samples)
has produced distinct baseline expectations that represent both region- and site-specific strontium
ranges (Freiwald 2011a; Gilli et al. 2009; Price et al. 2008, 2014; Sharpe, Kamenov, et al. 2018).
It should be noted that the regionally collated database displayed in Price et al. (2008) represents
median values from human and/or faunal data for each archaeological site and the regional
median/interquartile ranges (Price et al. 2008).

Paleomobility research using strontium isotopic analysis has established the reliability of the
approach and has demonstrated that immigrants were common in burial assemblages across the
Maya region (Freiwald 2011a; Price et al. 2014; Wright 2005, 2012). Isotopic evidence from
Early, Late and Terminal Classic urban centers have been used to identify the provenance and
locality (i.e. geographic origin) of burials in the Maya region including the immigration of
foreign-born elites and kings (Price et al. 2010; Price, Tiesler, et al. 2018; Suzuki et al. 2018;
Somerville et al. 2016), foreign enclaves (Price et al. 2014), and changes in migration patterns
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(Tiesler et al. 2017). Many studies have identified trends between residential mobility and
socioeconomic status that suggest elites exhibited higher patterns of mobility than commoners
(Price et al. 2014). Although immigrants were common within mortuary populations, strontium
evidence indicates that mortuary samples mostly consist of local people. The percentage of nonlocals at large urban Classic Period centers ranged from 14 to 26% of the analyzed burial
populations (e.g. Calakmul: 13-23% (Price, Tiesler, et al. 2018), Kaminaljuyu: 19% to 26%
(Price et al. 2010), Tikal: 11% to 16% (Wright 2005, 2012), and 26% Copan (Price et al. 2010).
Within these sites, socioeconomic differences suggest elites exhibited more mobility and formed
sociopolitical relationships between regional polities while commoners exhibited values that were
more consistent with the local baseline values.

Ancient Maya communities exhibited a range of residential mobility patterns and different rates
of in-migration in the Central Lowlands (Buikstra et al. 2004; Freiwald 2011b; Micklin 2015;
Price et al. 2015; Somerville et al. 2016; Wright 2012; Wright et al. 2010). Between 14-26% of
the sample populations from 15 ancient Maya sites in the Belize valley (n=149) had isotopic
evidence for at least one residential relocation prior to burial and in-migration from multiple
locations outside the Belize Valley (Freiwald 2011a). After grouping the data by site size, major
centers had 18 out of 80 migrants, minor centers had 12 out of 35 migrants, rural settlements had
5 out of 32, and caves had 1 out of 2. Temporal differences suggest some sites had more nonlocals during earlier periods, however the sample sizes for these periods are small and tentative.
Additional strontium data from human burials at Pusilha (n=16) indicates that four of the burials
were non-local (Somerville et al. 2016).

Strontium isotope research in the Northern Lowlands during the Classic to Postclassic period
suggests directional patterns of northward migration and mobility within the northern Yucatan
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Peninsula rather than more distant population movements from the southern Maya region (Cucina
et al. 2015; Ortega-Muñoz et al. 2019; Sosa et al. 2014; Tiesler et al. 2010, 2017; Price, Stanton,
et al. 2018). Strontium values from the coastal inhabitants at Xcambo are consistent with coastal
strontium values (Sosa et al. 2014). Approximately 15% of the burial sample (n = 131) had values
that were non-local to Xcambo, but none of these values were lower than 0.7081, suggesting the
population was mostly derived from the Northern Yucatan. Sierra Sosa and colleagues suggest
the heightened levels of in-migration during the Late Classic period were associated with
expanded regional exchange networks. At the Classic urban center of Yaxuna, located in the
central part of the northern lowlands, isotope data indicates that 23 burials were local while nine
individuals have values consistent with non-local or foreign origins (Tiesler et al. 2017; Price,
Stanton, et al. 2018). Eleven individuals were from a mass grave that is associated with the
violent overthrow of the divine ruler at Yaxuna (Tiesler et al. 2017:60-61). Tiesler and colleagues
suggest that half the victims were from the local area, and the remaining victims were from
regions north of Yaxuna or had values found on the broader peninsular coast. Strontium data from
the later phases at Yaxuna point to more regional settlement during the Terminal Classic Period
and two burials had Sr values consistent with origins in the Central Lowlands (<0.7077). Two
additional inland Late Classic Maya sites suggests the majority of the sample population had
values that were consistent with baseline values. At Xuenkal, twelve burials had local values
while only one individual had a Sr value below 0.7080 (Tiesler et al. 2010). Noh Bec was the
only site in the central northern lowlands south of the Puuc Region with published data and the
results indicate that eight out of 32 burials (25%) were non-local, likely from the surrounding area
instead of distant foreign locations (0.7081 – 0.7088) (Cucina et al. 2015). Postclassic burials
from Maya sites on the eastern coast of the northern Yucatan Peninsula (e.g. El Meco: n=13, El
Rey: n=20, and Tulum: n=4) exhibit strontium values that are consistent with coastal and faunal
baselines (Ortega-Muñoz et al. 2019). Of the 37 burials analyzed, only five individuals have
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values that indicate a foreign origin, however, none of the values are less than 0.7083.
Unpublished strontium data from archaeological sites in the Puuc Hills region, west/southwest of
Mayapán have strontium ranges suggesting that the burials were consistent with the northern
lowlands ((see Price, Stanton, et al. 2018:Table 4.1) Oxkintok, n = 9, 0.7087 +/- 0.0003; Chac II,
n = 13, 0.7088 +/- 0.0001). Overall, despite overlap between geologic baseline values, published
strontium data from human burials in the northern lowlands are consistent with faunal baselines
suggesting that many of the burials were local to their respective areas.

Stable Strontium Isotope Analysis

Strontium isotopic ratios (87Sr/86Sr) in tooth enamel represents a geochemical signature of dietary
derived strontium from the environment. Strontium signatures are often useful indicators of
locality by comparing values from archaeological burials to the local and regional baseline
isotopes ranges (Bentley 2006; Ericson 1985; Knudson et al. 2004). Strontium is an alkaline earth
metal with four isotopes (84Sr, 86Sr, 87Sr, and 88Sr) that substitutes for calcium in geological
deposits and rocks. 87Sr is a radiogenic isotope and a product of radioactive decay from the 87Rb
(rubidium) content of the bedrock signifying the age of the formation, expressed as the 87Sr/86Sr
ratio. Higher 87Sr/86Sr ratio indicate older geologic formations while younger formations have
lower values (Faure 1986). The processes of weathering and erosion introduce strontium into the
food web and organisms further transfer the trace element up the trophic chain as a substitute for
calcium ions in biogenic tissues without significant isotope fractionation (Bentley 2006; Burton et
al. 2003). In humans and animals, strontium is incorporated into the biogenic tissues by
substituting for calcium in the hydroxyapatite of bones and teeth. The contribution of dietary
strontium in biogenic tissues is dependent on the geological source, geological age, and the
variety of foods within an environmental system. Plants primarily influence the biogenic
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strontium contribution in hard tissues due to the direct absorption of soil minerals (Bentley 2006;
Bentley and Knipper 2005; Bern et al. 2005). While humans and animals will rely on foods
within the local environment, the consumption and reliance on non-local or imported foods high
in calcium or strontium, marine resources, and food additives (e.g. salt) can have a significant
impact on strontium signatures (Burton and Wright 1995; Perry et al. 2017; Wright 2005).

Strontium isotope analysis is a well-established approach used to recreate migration patterns and
residential mobility in ancient populations (Bentley 2006; Knudson et al. 2004; Price et al. 2001,
2012; Price and Gestsdóttir 2006; Schroeder et al. 2009). Strontium isotopic ratios from human
dental enamel are used to assess patterns of mobility by comparing the strontium values formed
during enamel mineralization to the local geology. Human dentition develops at certain general
age-intervals and the analysis of different teeth provide an isotopic record of mobility throughout
childhood compared to mortuary interment (Scheid 2012; Slovak and Paytan 2012). Enamel
strontium values from different teeth will reflect the geochemical composition of the underlying
geologic strontium in the bedrock that is absorbed into the local food web through soil and
groundwater (Bentley 2006). Strontium isotope ratios (87Sr/86Sr) vary based on the age of the
geologic formation and replace small amounts of calcium in the mineral matrix of bones and teeth
reflecting the environment where the teeth formed and developed. These ratios provide a direct
measure of the underlying geology where an individual lived, and the measure does not vary
significantly after the formation of the tooth. Isotopic analysis cannot reconstruct short-term
changes in environments, but instead are used to reconstruct the long-term patterns of firstgeneration migration.

The general principle of isotopic provenance analysis involves comparing the strontium isotope
values in human dental enamel to baseline values from local and/or regional materials (Price et al.
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2002). Using this logic, strontium values in teeth will reflect the geographic characteristics during
development compared to the place of death or burial. Deviations from the local geologic
strontium values can indicate immigrants to the region. Human teeth are used as geological
proxies in migration studies because the strontium isotopes found in the enamel represent where
an individual spent their childhood. Human dental enamel develops within general age-intervals,
is resistant to post-mortem diagenetic processes, and does not remodel after the formation of the
tooth (Ericson 1989). By comparing 87Sr/86Sr ratios from the first molar, which forms early in
childhood until ~2.5 year, and/or the third molar, which forms ~8 until ~ 14 years, an enamel
isotope range can be used to identify migration and residential mobility. This approach creates a
mobility profile of the individual to determine if they lived in one area or migrated more than
once in their lifetime.

Establishing local and regional strontium values within mortuary populations

Many studies use a simple comparative approach to identify individuals as non-local when their
87

Sr/86Sr ratios fall beyond the expected local isotopic range. Due to potential confounding effects

within similar geologic and bioavailable strontium baselines in the northern Yucatan, we
synthesized three comparative approaches to estimate the local strontium isotopic range at
Mayapán. We classified each individual burial as either local, regional (non-local but within the
northern lowlands), and foreign based on the following criteria: 1) local and regional geologic
assessment, 2) local biogenic assessment, and 3) statistical assessment of the burial distribution.
Defining a local strontium range is fundamental to any migration investigation in order to classify
the locality (i.e. local or non-local) of the burials. A variety of comparative approaches are used
to establish a local strontium signature and each method has advantages and drawbacks that
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impact the interpretation of the population history (Bentley et al. 2004; Slovak and Paytan 2012;
Wright 2005).

Strontium ratios in tooth enamel are determined by the geologic and bioavailable conditions
where foods were consumed during the formation of dental enamel (Bentley 2006). Individual
burials were first compared to the strontium bedrock values around Mayapán and throughout the
Maya region to assess whether members of the burial population were identical to the underlying
substrate (Hodell et al. 2004). Strontium variability found in geologic bedrock samples are often a
reliable estimate of the available local strontium in an area. The geologic isotopic baseline can be
used to detect local residents who spent childhood and their early adult years and foreign
immigrants who moved from a different region (Ericson 1985; Hodell et al. 2004; Sharpe et al.
2016). Although this approach provides an accurate representation of the geologic substrate (e.g.
bedrock, soil, and water), a number of factors may cause a lack of correlation between the local
geologic and biological strontium values including mineral heterogeneity (Bentley et al. 2004;
Price et al. 2002), fluvial transport from different isotopic zones (Bentley 2006), the sea spray
effect in coastal areas (Sealy et al. 1991), and the incorporation of non-local foods in the human
diets (Price and Gestsdóttir 2006; Wright 2005, 2012). Therefore, the incorporation of
bioavailable strontium samples is necessary to assess any potential offsets between the local
geologic strontium values.

To account for potential offsets between the local geologic formations and human diets, we
compared the biogenetic strontium values from organic samples (i.e. deer and plant sample)
found at Mayapán to establish a local bioavailable strontium baseline. The analysis of local
organic samples helps estimate the average bioavailable strontium in the local food web.
Bioavailability approaches assume that strontium measurements from local foraging animals or
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vegetation will reflect a local homogenized strontium range of the biosphere within a given
geologic substrate at an archaeological site. These values may not be influenced by low-level
contributions of heterogeneous strontium values from rock and soil minerals (Bentley 2006; Price
et al. 2002; Sillen et al. 1998). The local strontium baseline for the archaeological site is
estimated by the average biologically available strontium from local organisms +/- two standard
deviations (Price et al. 2002). Under these parameters, human skeletal measurements within the
defined confidence limits are designated as ‘local’ and individuals outside this range are ‘nonlocal’. Previous investigations have demonstrated that high geologic variability or the
consumption of imported resource (i.e. marine resources and exotic food additives) may
contribute significant amounts of strontium in the local diet and cause deviations from the local
bioavailable strontium range in the food web (Ericson 1985; Perry et al. 2017; Slovak et al. 2009;
Wright 2005). In diets where plant resources are consumed in high proportions, plant strontium
contributes the majority of dietary strontium absorbed into the teeth and bones because plants
generally have higher concentrations than animal-derived strontium and water (Burton and Hahn
2016). Presumably, local farms and households are contributing the bulk of staple foods and the
biogenic strontium derived from plant strontium will reflect variation within the local biosphere
and underlying geology.

We applied a statistical assessment of the mortuary population using a test of population
normality (Wright 2005) followed by kernel density estimates (Baxter 2003) and a model
assessment of the distribution to understand variation in the structure of the dataset (Burton and
Price 2013). This analytical approach models a local population through the removal of outlier
members (using the outlier labeling rule) in a dataset until convergence to a normal distribution
(i.e. Shapiro-Wilk test for normality, W). The model assumes that a large proportion of the
mortuary population at an archaeological site will originate from the local area and that intra53

population variation will conform to a Gaussian distribution with a mean and dispersion centered
around the local isotopic baseline. Local individuals are identified based on conformity to this
distribution while outliers at the tail-ends of the distribution are ascribed as non-local (regional).
The median/inter-quartile statistic from the trimmed dataset is compared to the local bioavailable
and geologic Sr range. An offset between the average strontium values in the population
compared to the baselines could indicate the consumption of imported foods (e.g. dried fish) and
food additives (e.g. sea salts) (Price and Gestsdóttir 2006; Wright 2005). Conversely, increased
migration from non-local regions will result in the development of a strong modal peak (local)
and a weaker minor peak or peaks (non-local). Multimodal distributions likely indicate
heterogeneity in the population where each modal peak outside the local range could potentially
represents immigrants (Bentley et al. 2004; Wilhelmson and Price 2017). However, it must be
noted that a multimodal distribution can potentially derive from regions with more complex
underlying geology (see Price et al. 2015). In cases of high geologic variation, Burton and Price
recommend an assessment of the local isotopic baseline using the biologically available 87Sr/86Sr
ratios from faunal samples since local human and faunal populations often only vary by
approximately +/- 0.0003 and the congruence of human data inferred through kernel density
estimates (Burton and Price 2013). Under this assumption, the faunal 87Sr/86Sr interval can be
used to distinguish local and non-local individuals based on conformity in the modal trends of the
human distribution.

Geological Settings and Regional Isotopic Variation in the Maya Region

The regional 87Sr/86Sr ratios for the Maya region were compiled from multiple isotopic studies to
provide a regional geological and biological baseline (Freiwald 2011b; Gilli et al. 2009; Hodell et
al. 2004; Price et al. 2008, 2015; Sharpe, Emery, et al. 2018). These investigations have
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contributed geological, biological, archaeological materials throughout the Maya region to
recreate ancient mobility patterns for people and animals (Freiwald 2011b; Price et al. 2010;
Somerville et al. 2016; Sosa et al. 2014; Thornton 2011; Wright 2005). Current geologic studies
have identified a strontium baseline for the Maya region: Northern lowlands (2σ range = 0.70822
– 0.70954), Southern Lowlands (2σ range = 0.70718 – 0.70822), Maya Mountains (2σ range =
0.71160 – 0.71494), Metamorphic Province (2σ range = 0.70171 – 0.71315), and Volcanic
Highlands (2σ range = 0.70392 – 0.70438) (Hodell et al. 2004; Sharpe, Kamenov, et al. 2018).
Hodell and colleagues did not identify overlap within the 2σ range between the northern and
southern lowlands in geologic samples. However, Price et al (2015) found that the northern
lowlands, central Peten, the Gulf coast, and the Maya Highlands to be isotopically distinct.
Additional data for the Central lowlands indicates that there is some isotopic equivalence between
sites in the Peten region of Guatemala and western Belize (Freiwald 2011b; Somerville et al.
2016). This is likely due to the confounding effects of geochemical analysis and the complex
underlying geologic landscapes.

The northern Yucatan Peninsula is a large karstic limestone platform with various bedrock
formations and terrains spanning the Cretaceous to the Quaternary age and is broadly
characterized by an age-gradient of younger flat topographic features in the northern peninsula
and older variable landforms and lithologies toward the south (Gilli et al. 2009; Hodell et al.
2004). Several geological mapping projects in the Maya region have established baseline
strontium (87Sr/86Sr) ranges using bedrock, soil, plant, and water samples extending from the
northern Yucatan coast to the Pacific coast of Guatemala (Hodell et al. 2004; Price et al. 2008;
Sharpe et al. 2016). While many regions in the Yucatan peninsula have comparable strontium
ranges due to similar geomorphology, a more localized strontium baseline was established from
the analysis of geologic samples from within the Chicxulub crater basin in the Northwest Yucatan
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(Gilli et al. 2009). Gilli and colleagues discovered that the 65 million-year BP impact that created
the basin and the ring of cenotes has near-uniform Sr ratios within the basin (Sr range = 0.70896 0.70908). These values are more homogenous than more complex geologic formations found
outside the Chicxulub crater basin. Unpublished strontium data from archaeological sites within
the Chicxulub impact basin and along the northern coast are in general agreement with this Sr
isotopic boundary (Price et al. 2008:Figure 1). Average Sr isotope values from archaeological
sites within the cenote ring are greater than 0.7088 while sites outside the cenote ring have
average values less than 0.7088. It must be noted that these data reflect the average values at each
site.

Determining a Local Strontium Range at Mayapán

Mayapán is located within the southern Chicxulub impact basin and the associated cenote ring.
Local biological strontium concentrations were evaluated against the underlying bedrock
strontium values in the Chicxulub basin and compared with the regional baseline (Gilli et al.
2009; Hodell et al. 2004; Figure 2-2). Local biologically-available strontium values were drawn
from deer bone samples recovered from archaeological deposits inside the city wall of Mayapán
(Wright et al. 2007) and a single modern organic sample (banana tree leaf) (Gilli et al. 2009). The
biological range of 87Sr/86Sr values from six archaeological deer bone samples have a mean of
0.70886 +/- 0.00018 (1σ) and likely representing a local proxy for Mayapán (Wright et al. 2007).
Additionally, the range is within the “typical” standard deviation of ~0.0003 for archaeological
sites recommended by (Burton and Price 2013). Faunal species are often representative of the
local strontium range since they utilize the same habitat as people born at the site and because
they generally have limited foraging ranges that are relegated to short distances in the local area
(Price et al. 2008; Wright 2005, 2012). While 87Sr/86Sr apatite in the deer bone samples may have
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a higher risk of diagenetic contamination from minerals in the local soil matrix due to increased
degradation relative to enamel samples (Budd et al. 2000; Kohn et al. 1999), a single strontium
sample from a banana tree leaf (0.70871) at Mayapán are in agreement within the 2σ range of the
deer values. The local 87Sr/86Sr range for Mayapán was compiled using two methods: 1)
biological strontium range (biosphere) was calculated using the mean value +/- 2σ of six deer
samples and one banana leaf sample following (following Price et al. 2002) and 2) the geologic
strontium range was determined using published bedrock 87Sr/86Sr distributions (Gilli et al. 2009;
Hodell et al. 2004). The local bioavailable strontium range was estimated using the 2σ range of
the mean combined biological dataset collected at Mayapán: mean 0.70884 +/- 0.00014 (2σ)
(0.7087 – 0.70898). Strontium isotope compositions of bedrock samples from the Mayapán area
are characteristic of crater-infilling from the Chicxulub meteor impact with near-uniform values
between 0.70896 and 0.70908 (Gilli et al. 2009). The bioavailable strontium values are in general
agreement with the measured strontium isotope composition of geological bedrock samples at
Mayapán and the 2σ range of the mean of bedrock samples from within the Chicxulub basin
(0.70873 – 0.70930; n=24), while bedrock strontium values outside of the basin were highly
variable representing the complex regional trends found across the northern Yucatan. This data
set establishes that the defined biological strontium range at Mayapán is in general agreement
with the spatial distribution of 87Sr/86Sr measurements from the bedrock and plant samples at and
around Mayapán (within the 2σ range) and consistent with those found in the Chicxulub basin
(Figure 2-3).
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Figure 2-2: Idealized geologic map of the Maya region (from Hodell et al. 2004:Figure1)
displaying the areas sampled for strontium isotopes in (Hodell et al. 2004) .
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Figure 2-3: Results displayed as ranked scatter plot of 87Sr/86Sr ratios from 58 human enamel
samples analyzed in this study. Human values were compared to the 2σ regional baseline ranges
for the Northern Lowlands (light blue) and the Southern Lowlands (light green) (Hodell et al.
2004). Solid black circles indicate strontium values for human burials at Mayapán, orange dashed
lines represent the 2σ strontium range for white-tailed deer bones (n=5) recovered at Mayapán
(Wright et al. 2007), and the blue dashed lines represent the 2σ range for bedrock strontium
values recovered within the Chicxulub Basin (Gilli et al. 2009). A large proportion of the
mortuary population (n=50) has strontium values that are consistent with ranges in northern
lowlands. Twenty-four burials (n=24) are consistent with the local faunal samples or values
within the Chixculub Basin while twenty-six burials (n=26) have strontium values found at inland
locations across the northern Yucatan. Eight burials (n=8) have values that are consistent with
ranges in the Southern Lowlands. Note: Three regions defined by Hodell et al. (2004) were
excluded from the figure (Maya Mountains, Motagua & Copan, and Volcanic Highlands) because
none of the Mayapán values were consistent with their geologic strontium ranges.
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Materials and Methods

Human burials

Archaeological projects at Mayapán have recovered a large number of human burials from
various contexts, structures, and funerary treatments, including primary burials, secondary
deposits, collective funerary burials (shrine or ossuary), and mass burials that include human
casualties (Figure 2-4; Brown 1999; Masson and Peraza Lope 2014a; Pollock et al. 1962; Russell
2008). Demographic and osteological studies of the Mayapán burial samples indicate that the
population was comprised of a dynamic range of individuals from multiple socioeconomic classes
and regions across the Yucatan (Masson et al. 2014; Serafin 2010; Serafin et al. 2014). Samples
in this study were selected from burial contexts inside the monumental center and the settlement
zone in an attempt to represent a broad sample within in the mortuary population.

Human tooth enamel was sampled from 42 burials recovered from 30 different structures and
mass graves within Mayapán’s defensive wall and a cenote context directly outside the wall
(Figure 2-3). Appendix C provides demographic data (i.e. sex, age-at-death, burial location, and
socioeconomic status. Sample MP081, MP195, MP210, MP212, MP247 did not yield enough
bone collagen for a radiocarbon date. Burials with individual AMS 14C radiocarbon were dated
and grouped into one of three chronological intervals associated with the founding (Early
Mayapán Period (EMP; 1200-1250 CE), apogee (Middle Mayapán Period (MMP; 1250-1400
CE)), and decline of Mayapán (Late Mayapán Period (LMP; 1400-1500 C.E.) (Kennett et al.
2016). A single burial (MP061) was dated prior to major construction activities at the ceremonial
center during the Terminal Classic Period (750-1000 C.E.) (Peraza Lope et al. 2006). Migration
trends during the MMP were grouped into a temporal range of 150-years due to the multimodal
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nature of the calibration curve (Kennett et al. 2016; Peraza Lope et al. 2006). An additional 16
human tooth enamel strontium measurements were added to this study from previous work
(Wright et al. 2007).

Figure 2-4. Map of Mayapán cityscape and burial locations in this study.

In total, 58 individuals were analyzed from high status burials (elite), low status burials
(commoner), single and multiple household burials, shrine ossuaries, and mass burials (Appendix
C). To assess migration patterns early in life, we prioritized 42 first permanent molars that reflect
enamel development and crown mineralization during early childhood (birth to approximately 3
years of age) (Smith 1991) (Smith 1991). For 16 of these individuals, we analyzed a third
permanent molar (approximately 9-14 years of age) to explore patterns of residential mobility
after weaning (Evans et al. 2006). We examined the isotopic variation within the burial
population to assess fluctuations in the aggregation history and migration using burial
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chronology, status, burial location, estimated age-at-death, and sex. We also analyzed individuals
interpreted as casualties.

Sample preparation and analysis

Isolated tooth enamel samples from forty-six human molars were analyzed for strontium isotope
ratios at the Department of Geological Sciences Clean Lab at the University of Florida. The
surface layer for each crown was removed to limit surface contaminants using a Dremel tool
fitted with a diamond point drill bit that had been treated with 0.5N HCl. Enamel fragments were
selected from areas with no visible cracks or dentin when possible and the cemento-enamel
junction was avoided during sampling. A small chip of enamel was separated from the crown and
all exposed surfaces, dentin, discoloration, and inclusions were removed using a high-speed
Brasseler NSK UM50TM (Brasseler USA Dental Savannah, GA, USA) diamond tip drill under
10x magnification. Mechanically cleaned enamel samples (30 – 60 mg) were dissolved in 3 ml of
50% nitric acid (HNO3, Optima) in pre-cleaned Teflon vials, heated at 120oC on a hot plate for
~12 hours. Each sample was evaporated to dryness and one mL 50% HNO3 was added and
evaporated to remove any residual bromine from the sample. A sample volume of 300 uL was
separated through ion exchange chromatography for strontium isotopes using a preteated column
packed with ~100 uL of Spec resin (Eichrom Technologies, Inc.) washed with 1.4 mL 3.5N
HNO3 and collected with 1.5 mL quadruple distilled water (H2O) following the procedure in Pin
and Bassin (1992). 87Sr/86Sr ratios were measured for each sample using a Nu Plasma multicollector inductively coupled-plasma mass spectrometer (MC-ICP-MS) using the time-resolved
analysis (TRA) method for mass-bias correction described in (Kamenov et al. 2006; Valentine et
al. 2008). Strontium results are reported relative to the NBS 987 standard. The long-term
reproducibility of the TRA-measured strontium ratios for the NBS 987 standard is 0.710246 +/62

0.000030 (2σ). Additional samples were analyzed using a Thermo-Scientific Neptune Plus multicollector inductively coupled mass spectrometer (MC-ICP-MS) in the LIME facility at Penn
State. All sample concentrations were matched to the NBS 987 standard (200 ppb) and the
standard was run multiple times throughout the analytical session. Both krypton (82Kr, 83Kr) and
rubidium (85Rb) isotopic compositions were measured during the analytic session to correct for
isobaric interference. Instrumental mass bias and Kr interference corrections were performed by
calculating the fractionation of 82Kr/83Kr from its expected value (1.008) using an exponential
equation (see Balashov et al. 2015). Rb interference was corrected using the same exponential
correction. All data are corrected for mass fractionation using an assumed 86/88 value of 0.1194
and an exponential mass fraction law described in Balashov et al. (2015). Measurements of the
87

Sr/86Sr NBS 987 reference standard during the analytical session (0.710233 +/-0.000017 (1σ, n

= 5)) were within the certified range of the reference value (0.710234 +/- 0.00026 (1σ)).

Results

Strontium Isotope analysis

Strontium isotope ratios for 58 Mayapán burials are displayed in Figure 2-5 and descriptive
statistics for all samples are presented in Table 2-1. The human strontium ratios varied between
0.70784 – 0.70916 with a mean of 0.70858 +/- 0.0006 (2σ). Figure 4 displays the range of
strontium ratios from teeth that formed early in life in the Mayapán mortuary sample, including
the 2σ range of the local bioavailable strontium (0.7087 – 0.7090) and the 2σ range of the
regional averages first identified in (Hodell et al. 2004; Sharpe, Emery, et al. 2018). The majority
of human burials (n=50) have strontium values that are consistent with the geologic strontium
ranges found in the Northern lowlands (0.7082 – 0.7092) while eight (n=8) of the burials have
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strontium values that are consistent with geologic strontium ranges found in the southern
lowlands (below ~0.70822). It must be noted that there is a lack of strontium data from sites
located in the south-central Campeche and south-central Quintana Roo Mexican states. Strontium
data from Calakmul (0.70790 +/- 0.00035 (2 σ, n = 22); (Price, Tiesler, et al. 2018)) located in
south-eastern Campeche suggests the biologically available strontium is consistent with values
found across the southern lowlands.

We applied a Shapiro-Wilk test for normality and visualized the distribution using a nonparametric kernel density estimation to determine whether the Mayapán sample conformed to a
normal distribution (Baxter 2003). Density peaks were used to identify cluster centers (modes) in
the dataset and characterize the distribution. A normal distribution with a single Gaussian peak
centered around the mean of the distribution are generally characteristic of local population
aggregation. Wright and colleagues suggest that the consumption of exotic foods (i.e. salts) or
food additives (i.e. lime for processing maize) can potentially off-set the distribution from the
local biogenic or geologic baseline (Burton and Wright 1995; Wright 2005). Multimodal
distributions with peaks outside the local range suggests immigration for multiple geologic
regions (Figure 2-5a). Our results indicate that the Mayapán burial sample does not adhere to a
normally distributed population (W=0.956, df=58, P=0.034), but instead the results conform to a
multimodal pattern with two large density peaks at 0.7088 and 0.7085, and a minor peak at
0.7079 (Figure 2-5b). The results likely suggest immigration played a major role in the
aggregation of Mayapán’s population.
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Figure 2-5: Kernel density plot of 87Sr/86Sr ratios of 58 human tooth enamel samples illustrating
the multimodal shape of the Mayapán strontium dataset (a:top). Histogram of strontium values
displaying the frequency of values (b:bottom). A Shapiro-Wilk test for normality indicates that
the dataset does not display a normal distribution (W=0.956, df=58, P=0.034).
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Table 2-1: 87Sr/86Sr values of human burials at Mayapán.
Lab No

Structure

Burial Location

Locality

87Sr/86Sr

MP080

Cenote San Jose

Cenote San Jose

Central Lowlands

0.70793

MP227

Cenote San Jose

Cenote San Jose

Northern Lowlands

0.70843

MP195

H-15 (Itzmal Chen)

Itzmal Chen mass grave

Mayapan

0.70880

MP221

H-15 (Itzmal Chen)

Itzmal Chen mass grave

Northern Lowlands

0.70860

MP222

H-15 (Itzmal Chen)

Itzmal Chen mass grave

Northern Lowlands

0.70853

MP224

H-15 (Itzmal Chen)

Itzmal Chen mass grave

Mayapan

0.70916

MP181

H-18

sacrificial burial shaft temple

Central Lowlands

0.70825

MP077

I-55a

commoner near Itzmal Chen

Mayapan

0.70905

MP061

L-28

commoner north of center

Northern Lowlands

0.70849

MP203

L-69a (20)

commoner north of center

Mayapan

0.70905

MP237

L-69a (20)

commoner north of center

Mayapan

0.70885

MP239

L-69a (20)

commoner north of center

Mayapan

0.70874

MP200

L-74a (15)

commoner north of center

Mayapan

0.70888

MP201

L-74a (15)

commoner north of center

Northern Lowlands

0.70831

MP064

Q-141

Q152c elite

Northern Lowlands

0.70858

MP016

Q-152

Q152 mass grave

Mayapan

0.70891

MP131b

Q-152

Q152 mass grave

Northern Lowlands

0.70834

MP130

Q-152c/Q-152

Q152 mass grave

Northern Lowlands

0.70840

MP007

Q-162

Q162 mass grave

Northern Lowlands

0.70850

MP010

Q-162

Q162 mass grave

Mayapan

0.70879

MP011

Q-162

Q162 mass grave

Central Lowlands

0.70798

MP012

Q-162

Q162 mass grave

Central Lowlands

0.70818

MP013

Q-162

Q162 mass grave

Northern Lowlands

0.70842

MP014

Q-162

Q162 mass grave

Northern Lowlands

0.70854

MP018

Q-162

Q162 mass grave

Central Lowlands

0.70783

MP260

Q-39

elite west of center

Northern Lowlands

0.70856

MP196

Q-40a

elite west of center

Northern Lowlands

0.70863

MP057

Q-54

Q54/Q72 elite

Central Lowlands

0.70799

MP058

Q-54

Q54/Q72 elite

Mayapan

0.70892

MP044

Q-67

Q58 mini cemetery

Northern Lowlands

0.70830

MP052

Q-67

Q58 mini cemetery

Mayapan

0.70883

MP045

Q-68

Q58 mini cemetery

Mayapan

0.70875

MP054

Q-68

Q58 mini cemetery

Northern Lowlands

MP020

Q-72

Q54/Q72 elite

Mayapan

0.70894

MP021

Q-72

Q54/Q72 elite

Mayapan

0.70890

MP002

Q-79/Q-79a

Q79 mass grave

Northern Lowlands

0.70852

MP098

Q-79/Q-79a

Q79 mass grave

Mayapan

0.70885

MP015

Q-88c

Q88c elite

Mayapan

0.70888
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0.70863

Table 2-1 continued: 87Sr/86Sr values of human burials at Mayapán
Locality

87Sr/86Sr

Q88c elite

Mayapan

0.70885

Q-88c

Q88c elite

Northern Lowlands

0.70831

MP111

Q-88c

Q88c elite

Mayapan

0.70888

MP226

Q-88c

Q88c elite

Northern Lowlands

0.70863

MP046

Q-92

Q95 mini cemetery

Northern Lowlands

0.70868

MP047

Q-92

Q95 mini cemetery

Northern Lowlands

0.70856

MP050

Q-93

Q95 mini cemetery

Northern Lowlands

0.70864

MP038

Q-94

Q95 mini cemetery

Mayapan

0.70894

MP024

R-106

elite east of center

Northern Lowlands

0.70845

MP026

R-112

commoner east of center

Northern Lowlands

0.70869

MP027

R-112

commoner east of center

Northern Lowlands

0.70859

MP212

R-112 (49)

commoner east of center

Northern Lowlands

0.70851

MP211

R-183a (55)

elite east of center

Northern Lowlands

0.70850

MP258

R-183a (55)

elite east of center

Northern Lowlands

0.70860

MP252

R-188a (56)

elite east of center

Northern Lowlands

0.70839

MP219

R-189b (57)

elite east of center

Central Lowlands

0.70811

MP210

R-4 (36)

commoner east of center

Mayapan

0.70878

MP247

R-4 (36)

commoner east of center

Mayapan

0.70891

MP220

Y-33 (61)

commoner east of center

Mayapan

0.70892

MP033

Y-43b

elite east of center

Central Lowlands

0.70784

Lab No

Structure

Burial Location

MP105

Q-88c

MP110

The burials were assigned to three general groups: local (Mayapán and Chicxulub Basin),
regional (non-local - northern lowlands), and southern lowlands (foreign). The first group (model
peak) in the distribution consists of twenty-four burials (n=24, mean 0.7088 +/- 0.00026 (2σ)) and
have strontium values that are consistent with the local baseline values (Figure 2-6). The local
group has strontium values that are within the estimated bioavailable strontium values at
Mayapán and are consistent with geologic samples from within the greater Chicxulub crater basin
(Gilli et al. 2009). The second group (modal peak) is consistent with geologic and bioavailable
strontium values found outside the Chicxulub crater basin region and within the greater northern
lowlands. The regional (non-local) group consists of twenty-six burials (n=26, mean 0.7085 +/0.0002 (2σ)) with strontium values that are lower than the local bioavailable baseline at Mayapán
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and higher than strontium ratios found in the southern lowlands. The third group (minor peak) has
strontium values associated with the southern lowlands (n=8, 0.70801 +/- 0.0003 (2σ). Although
we have grouped the local burials within a specific category, it should be noted that the similarity
of geologic and bioavailable values at neighboring sites within the Chicxulub Basin cannot be
distinguished from Mayapán and that the human strontium values represent a proxy of where a
person lived during early childhood compared to their final interment. Overall, the distribution of
strontium values suggests that more than half of the burials sampled have values outside the local
range. Figure 6 displays the burial status and locality within temporal periods. The high frequency
of non-locals within multiple contexts supports a process of population aggregation where firstgeneration immigrants from within peninsular Yucatan and the southern lowlands played an
important role populating the city.

Comparisons across temporal periods and demographic categories

We tested the mean strontium ratios within temporal and demographic categories (e.g.
chronology, sex, and estimated age-at-death) to examine trends in the aggregation history. We
applied the appropriate parametric or non-parametric test based on group sample size and
adherence to normality (Table 2-2). We monitored the effect size between two means using
Cohen’s d (d) for small sample sizes and Hedges’g (g) for large differences between sample
sizes: very small/trivial (<0-0.2), small (≥ 0.2-0.49), medium (≥ 0.5-0.79), large (≥0.8-1.5), and
very large (> 1.5) (Grissom and Kim 2005). All statistics were performed in either SPSS v.25 or
R (R Core Team 2013).

We found that there were no statistical differences between the EMP (n=17), MMP (n=27), and
LMP (n=8) temporal categories. This suggests that recruitment of individuals from non-local
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sources was consistent throughout the formation, apogee, and demise of the polity (ANOVA(2,49)
F = 1.818, p = 0.173). While the EMP and MMP have samples from multiple burial contexts,
seven out of eight burials during the LMP were recovered from the Q-162 mass burial at the
Temple of Kukulcan. These burials are generally associated with the demise of the polity
(Masson and Peraza Lope 2014a). There were also no statistical differences between
demographic categories: sex (n=35, Mann-Whitney U, p = 0.298) and age-at-death (ANOVA(2,49)
F = 0.533, p = 0.590).

Comparisons between socioeconomic categories and burial location

Burials were grouped into three broad status categories based on archaeological contexts: elite
(n=20), commoner (n=21), and casualties (n=17). The two burials from Cenote San Jose were
from a mortuary context with multiple burials just outside Mayapán’s wall. All statistical
comparisons were conducted with the Cenote San Jose samples assigned to the elite category and
a second analysis with the samples (n=2) removed from the analysis; it is notable that both of the
burials have regional (non-local) Sr values (Table 2-2). While we did not find statistical
differences between temporal categories, the results of the aggregate status comparisons suggest
commoners (n=21, μ = 0.70872 ± 0.0002) were broadly differentiated from elites (n = 20, μ =
0.70851 ± 0.0003) and casualties (n = 17, μ = 0.70850 ± 0.0003). The average difference between
the status categories is statistically significant (ANOVA(2,56) F = 3.234, p = 0.047).
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Commoner (monumental center)
Commoner (settlement zone)
Elite (monumental center)
Elite (settlement zone)
Q-162
Q-152
Q-95
Cenote San José

Figure 2-6: Box-plots displaying status variation across 87Sr/86Sr values at Mayapán. Box plots
represent the 10th, 25th, 50th (median), 75th, and 90th percentiles. The local range is represented by
the tan box indicating the 2σ range of the deer bones defined by (Wright et al. 2007) and a single
banana sample (Gilli et al. 2009). The black dots indicate value for each burial.
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Table 2-2. Demographic comparisons using status, burial location, temporal period, sex, and age-at-death estimates. Green highlights indicate
statistically significant difference between the groups.

status

Subgroups
Commoner
Elite
Elite (w/Cenote)
Mass Graves (violence)

N
21
18
20
17

Mean
0.70872
0.70855
0.70852
0.70851

S.D.
0.00021
0.00033
0.00034
0.00034

Mann-Whitney results
Commoner vs Elite; Z = 1.53536; p = 0.12356

Independent T-test

Elite (w/Cenote) vs Commoner; Z = 1.91703; p = 0.05486
Commoner vs mass graves; Z = 2.37632; p = 0.0022927
Elite vs mass graves; Z = 0.77562; p = 0.4354
Elite (w/Cenote) vs mass graves; Z = 0.4419; p = 0.65994

t = -2.30695; p = 0.026456
t = 2.37632; p = 0.0022927

Commoner vs Elites and Mass graves; Z = -2.39451; p = 0.01684

t = 2.56407; p = 0.013056

Location
Burials inside center
Burials outside center
Elite inside center
Elite outside center
Eilte outside center (w/cenote)
Commoner inside center
Commoner outside center
Mass Graves (violence) inside center
Mass Graves (violence) outside center

30
28
10
8
10
8
13
12
5

0.70858
0.70859
0.70869
0.70839
0.70834
0.70867
0.70875
0.70844
0.70867

0.00031
All inside vs outside center; Z = 0.07002; p = 0.9442
0.00032
0.00032
Elite inside vs Elite outide center; Z = 2.08803; p = 0.03662
0.00027
0.00028 Elite inside vs Eilte outside center (w/cenote); Z = 2.38118; p = 0.01732
0.00019
Commoner inside vs outside center Z = 0.90526; p = 0.36282
0.00023
0.00033
Mass grave (violence) inside vs outside; Z = -1.21221; p = 0.22628
0.00034
Elite outside vs all commoners; Z = 3.34246; p = 0.00084
Elite (w/cenote) outside vs all commoners; Z = 3.31723; p = 0.0009
Elite inside vs all Commoners; Z = -0.19016; p = 0.8493
Elite inside vs mass graves inside; Z = -1.93649; p = 0.05238
Elite inside vs mass graves outside; Z = 0.55114; p = 0.58232
Elite outside vs mass graves inside; Z = 0.76042; p = 0.44726
Elite outside vs mass graves outside; Z = -1.65341; p = 0.09894

t = 2.13286; p = 0.048774
t = 2.55564; p = 0.019864

t = 4.54304; p = 0.000104
t = 4.1361; p = 0.000276
t = 1.65601; p = 0.114143

t = -1.9612; p = 0.071635

Chronology
Terminal
Early Mayapan
Middle Mayapan
Late Mayapan

1
17
27
8

0.70849
0.70864 0.00036
0.70860 0.00026
0.70839 0.00037

EM vs MM; Z = -0.60258; p = 0.5485
EM vs LM; Z = 1.42725; p = 0.15272
MM vs LM; Z = 1.70884; p = 0.08726

Sex
female
male
unknown

18 (1?) 0.70863 0.00034
17(2?) 0.70856 0.00027
23
0.70857 0.00032

female vs male; Z = 1.03965; p = 0.29834
Unknowm vs all; Z = 0.40098; p = 0.68916

Age-at-death
category 2

10

0.70852 0.00028

category 3
category 4
<35
35-50
>50

28
14
21
9
11

0.70861
0.70860
0.70855
0.70864
0.70861

2 vs 3; Z = 0.87847; p = 0.37886
2 vs 4; Z = 0.84903 ; p = 0.39532
2 vs 3/4; Z = 0.96355; p = 0.33706
3 vs 4; Z = 0.84903; p = 0.39

0.00030
0.00032
0.00034
0.00020
0.00036

<35 vs >35; Z = 0.74232; p = 0.4593
35-50 vs >50; Z = 0.22792; p = 0.8181
<35 vs >50; Z = 0.19885; p = 0.4148
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t= -1.82641; p = 0.076847

A Fisher least significant difference (LSD) post-hoc test for three groups indicates the commoner
group has significantly higher values than the elite (LSD, p < 0.034) and casualties (LSD, p <
0.033) groups while no differences could be detected between the pairwise means between elites
and casualties (LSD, p = 0.920).

We found statistical differences between the status categories indicating differences in the means
between elite and commoner burials (Mann-Whitney U, p = 0.055; t-test, p=0.02; d = 0.708) and
between commoners and casualties (Mann-Whitney U, p < 0.05; t-test, p = 0.02; d = 0.743). We
did not find statistical differences between elites and casualties (Mann-Whitney U, Z = 0.776, p =
0.435; d = 0.119). Figure 2-7 displays the results from the socioeconomic analysis. Bullet plots
represent the 80th, 95th and 99th confidence intervals centered around the means for each group.
Comparisons between burial location and status categories indicates that there are significant
differences between elite burials inside the monumental center (mean = 0.7087; n=10) and elite
burials in the settlement zone (mean = 0.70834; n=10) (Mann-Whitney U, p = 0.03; t-test, p =
0.048; d =1.064), and between elite burials outside the monumental center and all commoner
categories (mean = 0.70872; n=21) (Mann-Whitney U, p < 0.05; t-test, p < 0.05; g = 1.624). No
statistical differences were found between burial location and commoner categories nor elite
burials inside the center and all commoner categories (Table 2-2).
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Figure 2-7: 87Sr/86Sr bullet plots for elites, commoners, and casualties at Mayapán. Data points
are shown as open circles with the mean indicated by a cross. Bullet plots are visualized at the 99,
95, and 83% confidence intervals (thinnest to thickest bullets) centered around the mean and
grouped by burial location in the monumental center or in the settlement zone. The highlighted
tan bar represents the local 2σ range derived from white-tailed deer bone samples (n=5) and a
banana sample from within Mayapán (Gilli et al. 2009).
Residential Mobility Profile Results

We sampled the third molar (M3) from 16 burials to examine residential mobility patterns at
Mayapán. 87Sr/86Sr values from M1-M3 tooth pairs were used to estimate residential movement
during early and late periods of development when tooth crowns completely form: early
childhood (M1; i.e. birth to ~3 years) and adolescence (M3; i.e. ~8 to ~16 years) (AlQahtani et al.
2010). The difference between the M1 and M3 87Sr/86Sr ratios ranged between 0.00001 and
0.00049 (Figure 2-8). In total, 14 of the 16 burials have M3 87Sr/86Sr ratios indicating movement
to Mayapán after the age of 16. Twelve individuals have M1 87Sr/86Sr ratios that differ from the
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M3 87Sr/86Sr ratios more than 0.0001, suggesting that at least one residential movement occurred
during childhood prior to immigrating to Mayapán. While MP064, MP 210 and MP239 all have
M1 values within the local Mayapán range, the M3 values exhibit non-local signatures. The
results suggest a potential scenario of return migration, where each individual spent their early
childhood at Mayapán or a region in the Yucatan with similar baseline 87Sr/86Sr ratios, migrated
to a different region during childhood, and then returned to Mayapán during adulthood
(Bernardini 2005). Six individuals have tooth pairs that vary less than 0.0001, which suggests a
mobility profile associated with short distance movements or changes in diet between early
childhood and adolescence. Other than the burials associated with traumatic death, burial MP047
has 87Sr/86Sr ratios that suggest residential movements between the Central and Northern Maya
Lowlands prior to interment at Mayapán. Comparison between the subsampled burials indicates
that only two burials (MP111 and MP200) have nearly identical 87Sr/86Sr ratios within the local
range at Mayapán. In contrast, the remaining elite and commoner burials have non-local 87Sr/86Sr
ratios that imply they were first-generation immigrants to Mayapán. Additionally, two individuals
are from mass burials and are interpreted as victims of violent death (MP181 - Itzmal Chen
structure H-18 and MP012 – Temple of Kukulcan). Both burials have 87Sr/86Sr ratios congruent
with the Central Maya Lowlands, but variation between the tooth-pair in MP012 suggests the
seven-year-old participated in at least one movement from the Central Maya Lowlands to the
Northern Maya Lowlands prior to death.
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Figure 2-8. Mayapán burial tooth pairs of 87Sr/86Sr ratios representing early and late forming teeth
from the same burials. Green triangles represent teeth that developed early in childhood and blue
triangles represent teeth that developed during adolescence. The local strontium range is
represented by the dashed lines and the regional strontium ranges are displayed.
Discussion

Interpreting Strontium results

Our strontium isotope results reveal persistently high in-migration during the formation, apogee
and decline of Mayapán. At the regional scale, our analysis indicates the urban population mainly
originated from communities within the northern lowlands (n=50) while a small number of
foreigners immigrated from the southern lowlands (n=8). Many provenance studies rely on the
faunal baseline and sample means as an a priori assumption of the local origin, however, the
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Mayapán mean is 0.70858 +/- 0.0003 (1σ), an average outside of the expected local baseline
range. Furthermore, due to similarities in the geologic settings and a lack of published data, it is
difficult to determine the geographic origins of people in the northern lowlands. Instead, we
evaluated the structure of the dataset using the modal analysis as in (Burton and Price 2013) and
classified individuals based on conformity to the local 87Sr/86Sr values through density estimates
in the collective dataset. The multimodal results imply that the sample population was derived
from locals and individuals from different isotopic averages (regional and foreign) (Figure 2-5a).

The juxtaposition of the human strontium data and the local biogenic and geologic baselines
allowed us to further classify the individuals as local, regional, or foreign (Table 2-1). The results
point to an integrated pattern of local and regional aggregation instead of a higher prevalence of
endemic origin or regional diversification over time. The Sr isotope data are mainly concentrated
within two groups in the distribution – one centered around a local average at 0.7088 (n=24) and
the other on a regional (northern lowland) average at 0.7085 (n=26) – inferring that a large
proportion of the population had origins from outside the Chicxulub Basin (Figure 2-7). The
shared temporal homogeneity in the dataset (i.e. no statistical difference between the strontium
values through time) between the founding (EMP), apogee (MMP), and demise (LMP) periods
indicates that migration was not spontaneous and was likely controlled to some degree through
the political and economic connections with non-local communities in the Northern Yucatan
through time. We did not find evidence for an influx of non-local individuals that would suggest
changes in the direction of migration or increased foreign immigration from outside the northern
lowlands (see Suzuki et al. 2018 for non-local dominance at Copan). Although we did not detect a
directional change in migration, we argue that the high level of in-migration is consistent with a
pattern of political cycling. Many of the ethno-political factions within Mayapán may have
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aggregated from geologic settings with similar 87Sr/86Sr values in the northern Yucatan (see Roys
1962). Future work will need to include additional isotope systems.

Based on the temporal continuities in the population structure, we suggest that regional
population aggregation was sustained for over 250 years (Figure 2-6). The aggregation of locals
and regional residents began as early as 1200 CE and coincides with major construction events in
the late 12th century and the first founding event (K’atun 8; 1185 – 1204 C.E.) (Peraza Lope et al.
2006; Milbrath and Peraza Lope 2003). This pattern likely reflects various aspects of
urbanization, including the movement of administrators, merchants, workers, farmers, slaves,
captives, military, priests, and trade diasporas from across the northern and southern lowlands
instead of endemic population growth (Carmack 1981; Hare, Masson, and Peraza Lope 2014;
Smith 2010). The Mayapán confederation was most stable during the Early Mayapán Period and
the massive construction events within the cityscape likely contributed to high migration rates
from across the lowlands and the subsequent nucleation of the settlement zone. Entrepreneurial
activities, craft specialization, and trade were also incentivized in this context (Russell 2008). The
temporal continuity after the founding of the city suggests the community maintained this diverse
pattern of in-migration to maintain the political and economic activities (Kowalewski 1990).
Many of the residents of Mayapán returned to their hometowns or founded new communities
after the demise of the city (Restall 2018; Tozzer 1941). This suggests that some residents
maintained strong ties to their original communities even when they were based in the urban
center.
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Tracking residential mobility

The high variability among Mayapán burials presented in Figure 2-8 demonstrates that residential
mobility was more complex than previously recognized. Based on the sequential sampling of first
and third molars in 16 individuals, twelve of the burials analyzed exhibited evidence for multiple
residential moves during childhood and after late childhood/early adolescence before they settled
at Mayapán. The remaining four individuals have similar sequential strontium values indicating
low residential mobility early in life, however, only two individuals had values suggesting that
they were born and spent their early childhood in the city (MP200; MP111). Furthermore, only
four individuals show evidence of residential movement across regional zones. One commoner
moved from the northern lowlands to the southern lowlands (MP047), one elite moved from the
terrestrial northern lowlands to the coast (MP226), and two casualties moved between the
northern and southern lowlands during childhood and adolescence (MP012 and MP181). The
remaining three individuals have values suggesting movement within the northern lowlands
(MP064, MP210, and MP239). The three individuals have values that are consistent with
spending their early childhoods in the Chicxulub Basin or a similar geology prior to moving to
another location in the northern lowlands. This is consistent with a pattern of return migration.

Variability in strontium my also result from the consumption of imported foods high in strontium
(sea salts ~0.7092) or calcium rich marine foods (dried fish) during enamel formation (Slovak
2007; Wright 2005). With the exception of burials MP012, MP201, and MP226, the difference
between the first and third molars decreases and therefore suggests that the strontium
concentrations do not result from imported sea salt or marine foods. Although the confounding
effects of strontium data make specific geographic assignments in the northern Yucatan difficult,
the high proportion of first-generation immigrants at Mayapán supports a process of migration
78

that integrated a sizeable regional population into the urban landscape (Figure 2-8). Isotopic
variation between the M1 and M3 subsamples suggests regional (Northern lowlands) immigrants
participated in one or more residential movements outside of the Chicxulub impact basin prior to
migrating to Mayapán. Although the mobility analysis is a subsample of the strontium dataset,
locally born individuals either remained at Mayapán through adolescence or potentially
participated in a process of return migration after changing residence during early childhood to an
area outside the Chicxulub crater basin. A similar pattern of high mobility has been identified in
the analysis of dental morphology among ancient Maya communities suggesting that high
mobility was common within the Yucatan Peninsula (Cucina 2015; Cucina et al. 2015).

Interpreting regional variation

Many of the burials in the Mayapán sample population were characterized as non-local in this
study using local strontium ranges and the modal analysis. This demonstrates that a high
proportion of the assemblage (58.6%) were immigrants to the city and the area around the
Chicxulub Basin. To determine if this was a prevalent occurrence in the Maya region, we
generated a comparative dataset from published strontium isotope studies to examine patterns of
mobility and population aggregation within the Northern Yucatan (Figure 2-9 and 2-10, Table 23). We compared aggregated data and density distributions from seven sites in the northern
lowlands and Calakmul in the central lowlands as the closest outgroup member (196 km south of
Mayapán). Intra-site comparisons between Classic Maya urban centers in the Central Yucatan
(Noh Bec, n=32, 95 km; Xcambo, n=131, 76 km; Xuenkal, n=13, 78 km; Yaxuna, n=32, 82 km)
and the Postclassic settlements on the northeastern Yucatan coast (212 km from Mayapán) (El
Meco, n=13; El Rey, n=20 (281 km from Mayapán); Tulum, n=4 (212 km from Mayapán))
suggests that the majority of the burials (72-90%) fall within their respected local baseline ranges
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(Cucina et al. 2015; Ortega-Muñoz et al. 2019; Sosa et al. 2014; Tiesler et al. 2010, 2017).
Strontium results from Xcambo also conform to this pattern with 111 burials out of 131
exhibiting values within the coastal isotopic range at the site (0.7089-0.792) and the remaining
individuals all have values consistent with the Northern Yucatan (Sosa et al. 2014).

Figure 2-9. Boxplots with density distributions and data displaying published strontium isotope
data for human burials in the Northern Maya Lowlands. Northern Yucatan coastal sites are
displayed in blue, northern inland sites are shown in orange, and Calakmul (green) represents the
closest southern lowland site with strontium data.
While site by site comparisons represent conservative estimates of the population, and are limited
by the sample size and availability of the data, the results indicate a number of significant
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differences and isotopic affinities between the sample populations. Table 3 presents the results
from the non-parametric statistical tests and the size effect displayed in Figure 9. Each sample
population displays a density peak with a Gaussian distribution that conforms to the local 2σ
strontium range at each site while also adhering to a normal distribution after application of the
outlier labeling rule (see methods). This implies that most of the individuals were local to the area
around the site and contrasts with the multimodal distribution found at Mayapán. There are clear
statistical differences between Mayapán and all coastal settlements in the northern lowlands.

Despite each site having Sr ratio ranges that are consistent with the Northern and Central Maya
lowlands, the data suggest Maya urban centers derived a large proportion of their population from
the local area during the Classic period while the Mayapán population included a substantial
amount of immigration to the city from a wider range of communities across the northern and
central Maya lowlands. Although a large percentage of the sample is within one modal peak,
Price and colleagues suggest there may be a multimodal pattern within the burial sample from
Yaxuna (0.7083 +/- 0.0003 (1σ), n=32) (Price, Tiesler, et al. 2018; Tiesler et al. 2017). The
majority of the values clustering within the local baseline and two minor peaks at ~0.7078 (n=3)
and ~0.7088 (n=6). Furthermore, unpublished human strontium values from archaeological sites
in the Puuc hills region, west/southwest of Mayapán have ranges that are similar to the local
group (see Price et al. 2017:Table4.1: Oxkintok, n = 9, 0.7087 +/- 0.0003; Chac II, n = 13, 0.7088
+/- 0.0001).
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Figure 2-10. Boxplots with density distributions and data displaying published strontium isotope data for human burials in the Maya region.
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Table 2-3. Mann-Whitney U Test results and summary statistics for Mayapán vs. human 87Sr/86Sr values from sites in the Maya region. Hedges’ g
values of small (0.20), medium (0.50), and large (>0.80) effect sizes were monitored to evaluate statistical differences between sites and the
percentage overlap between the distributions.
Site

Period

Mayapan
Postclassic
Xuenkal
Classic
Yaxuna
Classic - Terminal
Noh Bec
Classic
Tulum
Postclassic
El Meco
Postclassic
El Rey
Postclassic
Xcambo
Classic
Calakmul
Classic - Terminal
Tikal
Classic
Actun Uayazba kab Preclassic - Classic
Actuncan
Classic
Baking Pot
Classic - Postclassic
Cahal Pech
Preclassic - Classic
Pusilha
Classuc
Xunantunich
Classic
Copan
Classic
Kaminaljiuyu
Classic

Region

N

Mean ± SD

U

Z

p value

Hedges' g

% overlap
with Mayapan

Northern lowlands
Northern lowlands
Northern lowlands
Northern lowlands
Northern lowlands
Northern lowlands
Northern lowlands
Northern lowlands
Central lowlands
Central lowlands
Central lowlands/Belize
Central lowlands/Belize
Central lowlands/Belize
Central lowlands/Belize
Central lowlands/Belize
Central lowlands/Belize
Southern lowlands
Southern lowlands

58
13
32
32
4
13
20
131
22
96
6
7
29
27
15
19
95
26

0.70858 ± 0.00031
0.70856 ± 0.00018
0.70835 ± 0.00028
0.70863 ± 0.0002
0.70893 ± 0.00035
0.70915 ± 0.00001
0.70905 ± 0.00028
0.70891 ± 0.00019
0.7079 ± 0.00017
0.70805 ± 0.00114
0.71053 ± 0.00134
0.70882 ± 0.00017
0.70866 ± 0.00042
0.70863 ± 0.0003
0.70775 ± 0.00069
0.70868 ± 0.00084
0.70706 ± 0.00092
0.70515 ± 0.00129

362
488
874.5
47
10
115
1051
50
699
0
103.5
736.5
770
75.5
495
333
58

-0.223
-3.711
-0.451
-1.977
-5.456
-5.321
-7.931
-6.341
-7.775
-4.008
-2.106
-0.941
-0.123
-4.908
-0.662
-9.109
-6.734

0.824
< 0.001
0.652
0.048
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.035
0.347
0.902
< 0.001
0.508
< 0.001
< 0.001

0.068
0.8
0.144
1.087
1.987
1.519
1.372
2.47
0.586
4.018
0.768
0.200
0.129
2.031
0.182
2.039
4.539

96
69
90
58
35
45
51
19
76
0
74
92
92
31
92
31
0
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Although the unpublished data do not provide baseline ranges, the presence of Puuc-style
elements in the Mayapán architecture (e.g. Q-151 Hall of the Chac Masks) suggests a potential
link to the Puuc-hills and may reflect the patronage of Puuc migrations to the city (Milbrath and
Peraza Lope 2003:33-34, 2009:583; Ringle and Bey III 2001:86). Though more research will
need to be done in the Puuc States to define the local baseline and the range of strontium values at
each site, differentiating immigrants from the Puuc region may not be possible using strontium
values alone and additional isotope systems (e.g. lead, oxygen, sulfur) may need to be analyzed to
further discriminate Puuc immigrants at Mayapán.

To gain further regional insight, we compared the Sr density distribution results at Mayapán to
large urban centers with published data from across the Maya area (Figure 2-10). The smoothed
density distributions and boxplots show the distribution of strontium values at sites across the
Maya region and Table 2-3 displays the results from the statistical analysis. Given the clustering
of high and low values in the Mayapán distribution, the data appear to indicate mortuary activities
that included high percentages of locals and regional immigrants, but the lack of variability in the
data compared to other sites and regional centers suggests our sample at Mayapán was more
representative of the Northern Yucatan. While we cannot rule out immigration from areas with
similar isotopic distributions in the Belize Valley sites (Baking Pot, Cahal Pech, and
Xunantunich), the forms of the distributions are more variable and only retain one significant
gaussian peak or the underlying baselines are defined by relatively large biogenic range. While
there is overlap with sites within the Belize Valley and to some degree in the Peten, this is likely
due to the confounding effects of geochemical analysis and similar underlying karst landscapes
rather than long-distance migrations. We did not find burials with strontium values that were
consistent with the baseline values from the Belize mountains, volcanic highlands, or central
Mexico.
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Interpreting status differences

The cosmopolitan architectural features of the Mayapán cityscape and the rapid growth of the
population suggest that urbanization was a multidimensional process, and that the development of
the polity was influenced by the sociopolitical and economic dynamics within the community,
and broader interactions with allies and vassals across the northern Yucatan Peninsula. Our
analysis of 87Sr/86Sr values from a variety of burial contexts reveals that immigration played a key
role during the formation and the apogee of the city, but differences between the geographic
origins of commoners and elites/casualties suggests status differences may be connected to the
power dynamics between locals and immigrants and may also point to increased violence and
conflict against non-local elites or foreign casualties. Although the polity may have participated
in a system of joint rule, evidence for increased warfare (Kennett et al. 2016; Serafin et al. 2014)
and factional conflicts (Peraza Lope et al. 2006; Paris et al. 2017) suggests the sociopolitical
infrastructure of the polity was not stable through time. In Figure 2-7, we used bullet plots to
display the distribution of strontium data grouped by burial status and location. The orange bar
indicates the local strontium baseline for Mayapán. Most of the casualties likely had non-local
geographic origins. All the casualties recovered outside the monumental center were sampled
from the Itzmal Ch’en group, the site’s second largest concentration of civic-ceremonial
architecture, in a mass grave with at least 20 disarticulated individuals (Table 2) (Paris et al.
2017). Paris and colleagues suggest that the burial treatment of the victims reflects “desecratory
intent” during a single episode of violence, possibly representing an internal conflict between
factions at Mayapán. This scenario suggests the losing faction or lineage was slaughtered during a
political struggle and then ritually destroyed through systematic butchering and burning the
burials before scattering them in the mass grave. The proximity of the mass burial to ritual
architecture, and the associated smashed effigy censers, may imply that the victims were elites or
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nobles (Masson et al. 2014:524). Alternatively, they could represent patterns of military action by
Mayapán in the form of raids against neighboring polities, or potentially represent military action
against Mayapán that resulted in casualties and the abandonment of the Itzmal Ch’en ceremonial
group.

Under either scenario, the implication from the strontium data suggests many of the victims were
not local to Mayapán and appear to have origins from multiple locations within the northern
Yucatan. Comparison with two mass graves in the monumental center also suggest casualties
originated from several locations within the Northern Yucatan. Strontium data from two
additional casualties recovered from the Q-79 mass grave under the plaza floor next to Temple Q80 in the monumental center may be associated with the same violent event that occurred at
Itzmal Ch’en (Masson et al. 2014). The burial contexts at Q-79 and Itzmal Ch’en mass graves
suggests a different pattern of burial interment with the Q-152 mass grave in the monumental
zone, where at least 20 adults (or near adults) were deliberately buried in a passageway between
the Round Temple and Hall Q-152c (Serafin 2010:71; Serafin and Lope 2007). The strontium
results from three of the burials suggest two of the individuals could have the same origin
(MP130 and MP131: 0.7083) while Burial MP016 exhibited a local strontium value.

Overall, comparisons with the elite burials outside the monumental center and the mass graves
suggests no statistically significant differences between the strontium values. However, we
caution that the burials during the demise of the polity (LMP) were nearly all recovered from a
single context of disarticulated human burials adjacent to Mayapán’s principal pyramid (Q-162
Temple of Kukulcan) (Peraza Lope et al. 1999). Based on the AMS dates, the mass burial likely
represents a single event rather than multiple phases of violence (Kennett et al. in preparation).
We analyzed strontium values from seven out of ten burials recovered from Q-162. The strontium
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data indicate that three individuals have values that are consistent with the foreign group
(<0.7082; MP011, MP012, MP018), three individuals are associated with the regional group
(0.7082-0.7086; MP007, MP013, MP14) and a single individual has a value that suggests a local
origin (0.7088; MP010). If the Q-162 victims reflect casualties, then the strontium values point to
captives who likely originated from the inland areas of the northern Yucatan and/or southern
lowlands. Another possibility is that they could represent one of the massacres that occurred at
Mayapán due to factional conflicts between noble families. Ethnohistoric accounts suggest
factional conflicts between the Cocom and Xiu nobility led to the massacre of the Cocom family
at Mayapán, and then the abandonment of the city in the mid-15th century: a period attributed to
Katun 8 Ahau that researchers have dated to 1420 CE (Tozzer 1941:37, 180, 230), 1433 CE
(Edmonson 2010), or 1441-1461 CE (Roys 1962; Herrera in Tozzer 1941:216). Therefore, the
strontium data could indicate that members of the Cocom lineage had origins outside of
Mayapán.

We compared the Q-162 results to the Early and Middle Mayapán Period strontium data from the
ossuary in annexed shrine Q-88c, a multicomponent burial of at least nine individual crania that
were entombed beneath the plaza floor in the monumental core (Peraza Lope et al. 1999). Serafin
and Peraza Lope (2007:238) suggest that this shrine may reflect reverential post-mortem
treatments that are associated with the Cocom family (described in Tozzer 1941). We analyzed
five of the Q-88c individuals and determined that three burials had local values (~0.7088) and
two burials had regional origins (0.7083 and 0.7086) (Table 2-1). Freestanding shrine ossuaries
were discovered across the Mayapán cityscape and odontometric analysis indicate they are
associated with non-local elite burial groups instead of the general burial population (Serafin et
al. 2014). While ossuaries within structures have been found across the Maya region, they were
particularly numerous in the northern Yucatan and eastern coast during the Postclassic period
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(Xcaret (Andrews and Andrews 1975), Cozumel (Sabloff and Rathje 1975) and Tulum (Vargas
Pacheco and Santillán 1990)). Strontium data from Tulum burials indicate that the local range is
consistent with coastal habitats (0.7091) (Ortega-Muñoz et al. 2019). None of the Q-162 or Q-88c
burials have strontium values that are consistent with local ranges found at Tulum or other eastern
coast sites. If the Q-88c burials were a shrine ossuary of a social faction or noble family at
Mayapán, the strontium results suggest that most of the burials likely originated from the local
area and from the inland northern lowlands instead of from the coast or locations in the southern
lowlands. Furthermore, if the Q-88c context represents the Early and Middle Mayapán Period
lineage of the Cocom family, the strontium data suggest the Late Mayapán Period burials were
brought up at a region outside of Mayapán. However, we must also note that although crania in
ossuaries may represent venerated ancestors or were transported during migration episodes,
decapitated skulls could also indicate trophy taking practices during raids and conflicts in the
Maya region (Berryman 2007). Furthermore, the strontium data from the Q-162 and Itzmal Ch’en
mass graves both imply military force against non-local individuals.

There were statistically significant differences between status groups that reveal multiple aspects
of the residential dynamics within the city by elites, commoners, and casualties within the sample
population. Although only 11 commoner burials have values within this local baseline, all
commoner burials have Sr values >0.7083 indicating that residential mobility among commoners
was from within the northern lowlands rather than from the southern lowlands. Additionally,
there were no distinct differences in the distribution of values between commoners within the
monumental core and settlement zone. The commoner mean (0.70872, n=21) is higher than the
elites (0.70855, n = 18) and casualties (0.70851, n = 17). The regional distribution is consistent
with strontium values found outside the greater Chicxulub impact basin (Gilli et al. 2009; Hodell
et al. 2004). Our results indicate aggregation from the Northern and Southern lowlands was
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sustained with little variation over two centuries despite evidence for instability and political
strife in the form of factional refounding events associated with calendar dates, increases in
trauma, and burning events until the abandonment of the city in the 15th century (Masson 2015;
Milbrath and Peraza Lope 2009; Roys 1962). Evidence for trauma is relatively low during the
Early Mayapán period while the multiple mass burials were likely associated with largely single
events during the mid-to-late 14 C. towards the end of the Middle Mayapan Period generally
associated with the decline of the city (Kennett et al. in preparation; Paris et al. 2017; Serafin et
al. 2014; Serafin and Lope 2007). The overall migration history indicates immigration and
integration remained stable before and after these events.

Variation in the spatial location of elites and commoners indicate a range of trends (Figure 2-6).
First, elites buried in the monumental center were predominantly local while all elite burials in
the settlement zone outside the center have regional (non-local) Sr ratios. This demonstrates
potential power dynamics between elite settlements at Mayapán. These results suggest there were
settlement divisions between local and regional members of Mayapán’s population. Elite lineages
may have utilized the symbolic context of burials within the monumental center to legitimize
their claims of power and authority through multiple generations. Furthermore, if the monumental
center burials represent major families, the high frequency of regional elite immigrants buried
outside the monumental center suggests ethnic differences between the residential populations.
Second, the regional difference between elites and commoners supports the existence of a
cosmopolitan elite culture (Serafin et al. 2014). In total, 6 out of 19 elites have local Sr ratios
while 13 out of 21 commoner burials have local Sr ratios. Finally, 5 of the 17 burials from mass
graves have local Sr ratios.
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All of the Late Mayapán period disarticulated burials were recovered from a sealed passageway
adjacent to the main temple (structure Q-162), a context that is associated with the abandonment
of Mayapán. Of the 7 burials analyzed, only one burial exhibited a local Sr value (MP010,
0.70879). Three burials had Sr values that were non-local to Mayapán (0.70842-0.70853) and the
remaining three exhibited Sr values found within the Central Maya lowlands (0.70783-0.70818).
The Q-162 mass burial is associated with the Katun 8 Ahau from 1441 – 1461 C.E. and the
violent overthrow of Cocom elites by the Xiu ethno-political lineage. However, the results
indicate that a large portion of these victims were foreign to Mayapán and that their residential
origins were more complex than previously imagined. If the interred burials do indeed represent
the defeated Cocom faction at Mayapán, the multiregional origins of the last ruling faction may
indicate the integration of multiple foreign communities instead of a local multigenerational
lineage.

Conclusion

Postclassic urbanization, population aggregation, and balkanization of Mayapán’s population
occurred within a context of shifting political and economic power, episodic intra-polity violence,
local and regional interaction, warfare, and shifting environmental conditions. Directly dated
human burials, dated monuments, and retrospective historic accounts indicate that the growth,
construction, and political centralization of the city occurred between 1100 C.E. and 1300 C.E.
(Hoggarth et al. 2016; Kennett et al. 2016; Peraza Lope et al. 2006). The growth of the population
over a relatively short period of time also implies that multiple communities, consisting of diverse
social and economic backgrounds, relocated to the compact city-scape (Milbrath and Peraza Lope
2003).
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Our analysis of strontium isotopes from human enamel and AMS radiocarbon dates from
individual burials finds compelling evidence for regional population aggregation from Maya
communities across the Yucatan Peninsula and a minority of immigrants moving from the Central
Lowlands. The settlement continuity persisted for at least 200 years, beginning by 1200 CE until
the demise of the polity. The large proportion of first-generation immigrants in the mortuary
population suggests the polity, and potentially the elite leadership, fostered the integration and
absorption of regional communities at Mayapán. However, our data indicate settlement
discontinuities between the burial location of local elites in the monumental center and regional
elites in the settlement zone. The isotopic similarities in the commoner burials inside the
monumental center and in the settlement zone suggests commoners may have similar origins in
their settlement history. Future research with multiple isotope systems will be required to identify
additional patterns in the burial population. For example, many provenance studies have
integrated multiple geographic isotope systems to understand patterns of residential mobility in
the Maya region by combining strontium isotopes with stable oxygen isotope values (climatic
variability) (Wright 2012, 2012) and lead isotope values (multi-isotope proxy for regional
geologic dynamics) (Sharpe, Emery, et al. 2018; Sharpe et al. 2016). Furthermore, increasing the
number of samples and broadening the mobility profiles of individual burials with additional third
molars will help define the patterns of residential mobility during the Postclassic Period. The
integration of more than one isotopic system (87Sr/86Sr,) and multiple proxies per burial (i.e. M1
and M3) will allow for dynamic multidimensional statistical analyses of the data, such as cluster
analysis algorithms DBSCAN and K-means (see Valentine et al. 2015), principle components
analysis, and Bayesian mixing with gravity models (Wilhelmson and Ahlström 2015) to further
contextualize migration within the Maya region.

91

Chapter Three

Postclassic urban ecology at the political capital of Mayapán reveals dietary
continuities in the mortuary population
Richard J. George, Brendan J. Culleton, Stan Serafin, Marylin Masson, Carlos Peraza Lope, Claire
Ebert, Douglas J. Kennett
The ancient city of Mayapán was the final expansive urban capital in the Maya region during the
Postclassic Period (1000 – 1519 CE), Yucatán, Mexico. The Mayapán polity incorporated political
networks and trade routes that connected diverse communities from across the Yucatán Peninsula, as far
as Central Mexico and Honduras, and facilitated the movement of people, commodities, and agricultural
resources into a highly nucleated urban environment. While the community formed within the context of
political unification, evidence suggests that episodic factional violence, warfare, and environmental
stress contributed to the downfall of the city. Here we consider food consumption patterns as a proxy for
socio-economic access to resources during the establishment (1000 – 1200 CE), formation (1200 – 1250
CE), apogee (1250 – 1400 CE), and demise (1400 – 1500 CE) of the Mayapán polity. Stable carbon and
nitrogen isotope values of bone collagen was measured from 191 human burials and 65 faunal samples
spanning Mayapán’s settlement history. The isotopic analysis indicates that maize-based foods formed
the foundation of the Mayapán diet while a mix of terrestrial animals, maize-fed animals and C3 plants
resulted in low δ13C variation in the population. This pattern of isotopic homogeneity was consistent
through all periods and between elite and commoner burial groups. We suggest that continuity between
urban residents reflects an institution of dietary stability and proportionate accessibly to local agrarian
resources, imports and exotic foodstuffs regardless of socio-economic status rather than the hierarchal
status-diet regimes identified during the Classic Period in lowland Maya communities. Although there
were no statistical differences between the diets of elites and commoners, temporal changes in the diets of
casualties during the formation and demise of the city suggests victims had more specialized diets
consistent with foreign resources rather than the more diverse urban Mayapán diet. This pattern shifts
during the apogee as casualties and elite/commoner groups had statistically similar dietary profiles that
suggest the majority of victims had access to similar resource networks as urban residents. We argue that
the apogee data are more consistent with urban diets and are concurrent with increased factional
violence and warfare between Mayapán’s population rather than the detainment of foreign captives. This
study demonstrates stability in the Mayapán urban economy over four centuries and provides new
information on the dietary relationships between socio-economic groups at Mayapán during the
Postclassic Period.
Postclassic Maya society across the Yucatán Peninsula (1000 – 1519 CE) experienced a florescence of
demographic growth and economic transformation following the demise and balkanization of Classic
Maya kingdoms. These events fostered the development of new political networks and trade routes across
the Maya region and Mesoamerica (Chase et al. 2014; Golitko and Feinman 2015; Smith and Berdan
2003a). During this period, the urban center of Mayapán, located on the northwestern inland plains of the

92

peninsula, rose to prominence as the final major capital in the Maya region (Figure 3-1; Masson and
Peraza Lope 2014a). The polity formed in the context of political unification between allied Maya
lineages and confederated towns during the 12th century, and dominated the political landscape for at
least three centuries until episodic factional violence, warfare, and environmental stress led to the
downfall of the city in the mid-15th century (Andrews et al. 2003; Kennett et al. 2016; Masson and Peraza
Lope 2014a; Milbrath and Peraza Lope 2009; Serafin 2010; Tozzer 1941). Variation in the mortuary
treatment, material wealth, architecture, and spatial organization of the city suggests Mayapán was
socially stratified with varying levels of nobility, officials, artisans, merchants, commoners, and casualties
(Masson and Peraza Lope 2014a). At the city’s apogee, the confederation sustained a highly nucleated
population of ~15,000-17,000 people within a 9.1 km fortified defensive wall (Russell 2008, 2013; Smith
1962). Though walled houselot compounds within Mayapán were indicative of Maya settlements in the
northern Yucatán (Brown 1999; Hare, Masson, and Russell 2014), the idiosyncratic aesthetics of the city
are often described as cosmopolitan, emphasized by an abundance of diverse artistic styles, international
architecture, foreign deities, a monumental core, temples, colonnades, neighborhoods, specialized
workshops, and markets (Masson and Peraza Lope 2010; Hare, Masson, and Peraza Lope 2014; Milbrath
and Peraza Lope 2009; Pollock et al. 1962). These cultural affinities are supported by retrospective
historical accounts suggesting that residents and visitors had ties to locations across the northern
lowlands, and diasporas from the Peten, Honduras, coastal Tabasco, and the greater Caribbean coast
(Kepecs and Masson 2003; Masson and Peraza Lope 2014a; Ringle 2004; Smith and Berdan 2003a;
Tozzer 1941).

While demographic growth and connections to far-reaching economic networks characterized the
cityscape at Mayapán, a major challenge to the infrastructure of any large premodern agrarian state was to
sustain the subsistence requirements and sociopolitical organization of the population (Childe 1974; Zeder
1991). Maya subsistence strategies were centered around agriculture-based strategies, including short to
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long fallow-based swidden agriculture, agroforestry, fruit management, and household gardens, and game

Figure 3-1: Map displaying Mayapán and archaeological sites mentioned in the chapter.

management that included hunting, exploitation of aquatic resources (likely from trade), and in some
cases stocks of domesticated animals (Barthel and Isendahl 2013; Masson and Peraza Lope 2014a).
Researchers have posited that large Maya cities were provisioned to varying degrees by food supply
systems derived from autonomous and vassal farming villages and towns in order to fulfill the subsistence
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demands of the urban population (Sanders and Webster 1988; Scarborough and Valdez 2009; Taschek
and Ball 1999). The intensive cultivation of crops (e.g. maize) enabled communities to produce food
surpluses that likely contributed to political and economic stability and trade. However, as political
alliances and trade networks changed, the availability of certain foods and imports are expected to
fluctuate, impacting dietary diversity within the city. Premodern cities were also vulnerable to warfare
and environmental volatility and it would have been essential to defend the exchange networks and food
production systems. Furthermore, intensive cultivation within the city may have augmented the
subsistence requirements of the urban residents during periods of instability (Barthel and Isendahl 2013).

Many researchers have argued that Maya cities were largely “green spaces” and residents used a diverse
combination of land-use strategies to produce foods and resources within the cityscape (Chase and Chase
1998a; Fletcher 2009; Graham 1999; Isendahl 2012; Isendahl and Smith 2013; Netting 1993). The longterm sustainability of an urban center depended on how resilient the community was to overcoming social
and economic stresses, and how the community rebounded from severe crises, such as disease, drought,
warfare, and other disasters (Barthel and Isendahl 2013; Freidel and Shaw 2000). Urban-ecosystems
integrated agrarian production, craft manufacture, and social activities to form an ecological niche in
order to adapt to irregular social and environmental conditions. Although cities relied on intensive
cultivation from outside the city to sustain larger populations, household farmsteads and gardens provided
a level of food security and risk management that was critical to the resilience and sustainability of urban
populations (Hare, Masson, and Russell 2014; Jansson and Polasky 2010).

Previous archaeological research at Mayapán has found evidence that an array of architectural styles,
households, neighborhoods (barrios), material wealth, commercial industry, and warfare played a
fundamental role in the social and economic organization of the city (Brown 1999; Hare and Masson
2012; Kennett et al. 2016, 2016; Masson and Peraza Lope 2014b; Milbrath and Peraza Lope 2003; Paris
et al. 2017; Pollock et al. 1962). Nevertheless, the relationship between human diet and the complex
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socio-ecological systems at Mayapán remain to be explored. Mayapán has many features of a garden city
that indicates the subsistence economy relied on a combination of strategies to sustain the population.
Demarcated urban spaces, houselot gardens and non-residential walled fields within the city were
associated with the cultivation of staple crops (Masson and Peraza Lope 2014a:250), animal husbandry
and game management (Masson and Peraza Lope 2008, 2013), wild plant cultivation (arboriculture;
Masson and Peraza Lope 2014a:247), and beekeeping (Paris et al. 2018). Given the inland location of the
city, it is expected that the Mayapán diet consisted of food resources that were mainly derived from
terrestrial locations (Masson and Peraza Lope 2013, 2014b). However, the resource-deficient nature of
large cities means that Mayapán would have likely imported resources from towns and farming villages
near the city, hinterland communities, and through exchange and tribute networks. With population
estimates in proximity of the city potentially reaching between 17,000-20,000 people in or near the walled
settlement during the apogee period (Brown 1999:149, 189; Masson and Peraza Lope 2014a:28; Russell
2008), it is likely that households and officials within the institution participated in a range of independent
and inter-connected economic strategies. Although a large proportion of the population would have
worked as farmers and maintained agricultural fields in and around Mayapán to sustain the urban
economy (Kennett et al. 2016; Masson and Peraza Lope 2014a), the distributions of local and foreign
goods in elite and commoner structures suggests material wealth could be obtained regardless of
socioeconomic status (Masson and Peraza Lope 2014a:291). Overall, the rapid growth of the city and the
cosmopolitan dynamics of the urban economy suggests the possibility that subsistence patterns may have
varied through time and might have been distinct to sociopolitical divisions, or fluctuated with
immigration, out-migration, and warfare. Additionally, although casualties were potentially foreign
military prisoners, the increases in violence, episodes of burning, and the desertion of sections of the city,
suggests some of the mass graves were a result of factional conflict and civil unrest within the city
(Peraza Lope et al. 2006; Paris et al. 2017; Serafin 2010).
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Isotopic evidence from the Maya region has been used to understand ecological patterns (Gerry and
Krueger 1997; Williams et al. 2009), social stratification (Ebert et al. 2019; Gerry 1997; Somerville et al.
2013), sex differences (White 2005), and episodes of environmental stress (e.g. Maya collapse) (Ebert et
al. 2019; White 2005; Wright 2006). Maya cities that were dependent on maize agriculture and surplus
generation may have subsistence economies with lower agricultural diversity resulting in isotopic parity
between urban residents consuming similar 13C-enriched foods (Tykot 2006; White and Schwarcz 1989).
However, the diversification of the subsistence economy may reflect less reliance on maize and more
integration of 13C-depleted C3 resources depending on the habitat or the social factors impacting the food
supply system (Wright 2006). The vast majority of tropical plants and other domesticates were 13Cdepleted C3 plants or derived from animals that consumed C3 plants, however, the most common staple
crop in ancient agrarian economies in the Maya region was maize, a 13C-enriched C4 plant (Somerville et
al. 2013; Tykot 2006; White and Schwarcz 1989). The consumption of these foods will result in distinct
isotopic profiles to infer subsistence dynamics within a community. Conversely, specialized subsistence
economies that exploit foods from marine ecosystems (e.g. coastal towns) are expected to have less
diversity in the diet. In highly stratified communities, consumption patterns were embedded within the
social organization resulting in differential access to foods and isotopic variation between high-status and
low-status (Somerville et al. 2013). Dietary inequality may be more pronounced if foods are status-linked
and only accessible within certain political and economic networks. Furthermore, as populations
diversify, aggregation for different environments may result in burials from foreign communities with
different subsistence practices and reflect nonlocal farmers, hunters, or merchants.

In this paper, we investigate ancient dietary patterns at the Postclassic urban capital of Mayapán using
stable carbon (δ 13C) and nitrogen (δ 15N) isotope analysis of bone collagen. We examine dietary
variability in the mortuary population during the establishment (1000 – 1200 CE, n=11), formation (1200
– 1250 CE, n=72), apogee (1250 – 1400 CE, n=98), and demise (1400 – 1500 CE, n=20) of the Mayapán
polity to expand our understanding of the sociopolitical and economic organization during the Postclassic
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period. AMS dated burials are organized into elite (n=58), commoner (n=54), cenote (n=18) and casualty
(n=65) status categories to infer patterns of food accessibility among social divisions while also exploring
transitions in the organization of the polity. The embeddedness of foods and cuisines in cultural and
political institutions represent ecological adaptations, distinct social relationships, and religious practices,
which can be used to explore the consumption behaviors, economic patterns, and community dynamics
within ancient societies (Dahlin et al. 2010; Mills 2004; Mintz and Du Bois 2002; Smith 2006). Our study
builds on these themes to answer the following research questions: 1) Are there dietary trends at Mayapán
that indicate shifting food supply systems during the growth and demise of the polity? 2) Was there
variation among elite, commoner, and casualty categories that supports stratified access to certain food
networks? 3) How does the dietary composition of Mayapán’s mortuary population differ from other
Classic and Postclassic urban centers and communities?

Chronological periods and AMS radiocarbon dates provide a framework to understand and compare the
regional culture-history across different Maya communities. Each Mayapán burial was assigned to one of
five chronological categories following the temporal units developed in Kennett et al. (2016:183) based
on AMS radiocarbon age ranges and conform to events described in Peraza Lope et al. (2006) (Table 31). These temporal units generally correspond to the regional patterns in the political and demographic
landscape outlined after Chase et al. (2014:14) (Table 1-1).

Maya background

Social Organization in the Maya lowlands

Ancient cities and urban economies were sustained by a range of strategies that included agriculture, wild
plant collection, hunting, craft specialization, trade and market exchange, animal husbandry, and warfare
(Durkheim 2018; Masson and Freidel 2012; Zeder 1991).
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Table 3-1. Chronological periods for Mayapán.
Mayapán Chronology
Demise

Decline

Late Mayapán

Middle Mayapán

1400 - 1500 CE

Event
Early 15th C. political collapse and
abandonment

1300 - 1400 CE

Serial climatic hardships, famine,
warfare, unrest, outmigration; Mid 14th
C. civil unrest leading to change in
leadership and an end of violence

1180/1200 – 1300 CE

13th C. Apogee;
Episodic dedication and construction
events; Period of prosperity

Apogee

Middle Mayapán

Formation

Early Mayapán

1200 - 1250 CE

Founding of Mayapán;
Construction events

Establishment

Early Postclassic

1000 - 1200 CE

Establishment of early center

Terminal Classic

750 - 1000 CE

Unknown if the early settlement was
the political antecedent to Mayapán

Kennett et al. 2016; Peraza Lope et al. 2006

The management and administration of a city’s infrastructure would have been necessary to maintain the
subsistence requirements of the population and the community’s capacity to adapt to social and
environmental stress (Sanders and Webster 1988).

The resource-deficient nature of a cityscape and the provisional challenges of concentrated urban
populations create a number of disadvantages to the well-being of the community, such as high food
demands, disease, famine, and coercion (Smith 2013). The emergence of centralized leadership and social
stratification within a city fulfills the logistical and administrative demands of the economy to effectively
produce enough food and resources to sustain a large concentrated population and the needs of specialists
(Brumfiel et al. 1987; Zeder 2003). However, the growth of the population creates a greater societal need
for management, organization, and the integration of people within the community (Carniero 1970; Zeder
1991). The legislative powers of the urban center may administer and control political activities, urban
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organization, trade, ceremonies, and warfare, but the adaptive success of a community relies on the
resilience of the population within the urban system (i.e. farmers and commoners) though agricultural
intensification, specialized production, and trade (Smith 2013; Zeder 1991).

Ancient Maya social and political organization is often described along a rural-to-urban gradient, where
agrarian communities transition through cycles of local autonomy, increased centralization and
urbanization, and regional destabilization (Iannone 2002; Marcus 1993, 1998, 2012). Considerable
variation in the material culture across the Maya region suggests social differentiation and status-linked
institutions (e.g. long-distance trade, ceremonies, monument constructions and dedications, warfare, etc.)
played a significant role in the establishment and maintenance of the inter-connected Maya world. The
regional expansion and contraction of highly stratified communities resulted in social institutions with
hierarchal access to governance, social networks, wealth items and foods (Chase and Chase 1992;
Somerville et al. 2013; White et al. 2001). Researchers have proposed sociopolitical models that attempt
to conceptualize ancient Maya society within a strong commoner-elite dichotomy (Adams 1981; Adams
and Smith 1981; Marcus 1993; Thompson 1954), while others suggest that ancient Maya society was
multitiered, highly variable, and fostered the growth of intermediate classes (e.g. middle class and
merchant classes) (Becker 1973; Chase 1992; Freidel 1981; Sabloff and Rathje 1975). Additionally,
historic accounts in the northern lowlands suggest Colonial Maya communities formed stratified political
units that were divided into multitiered classes of nobles (almehen), commoners (macehual) and a ‘slave’
class (Quezada 2014; Restall 2018; Scholes and Roys 1938). Although information on the political
landscape prior to the Colonial Period is limited, social and economic inequality is supported by
pronounced differences in the material culture and the burial treatment of elites, commoners, and
casualties.

The Terminal Classic Period in the northern Maya lowlands is one of the most striking examples of
political cycling and social transformations in the ancient Maya region. With the demise of large
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kingdoms in the southern and central Maya lowlands during the Classic Period, Terminal Classic
communities reorganized into regional polities that were supported by hinterland communities, the
expansion of coastal trade routes, and new forms of commerce (Andrews and Codetta 1990; Iannone
2005). Ancient Maya society during the Classic Period was characterized by dynasties or political
kingdoms that were supported by highly stratified social institutions with monarchs, nobility, elites,
priests, merchants, commoners, civil-servants (slaves) and war captives (Demarest 2004). These social
differences were signaled by more lavish households and civic-ceremonial centers inhabited by Maya
nobility and elites and elites were entombment in masonry tombs and crypts. Commoners generally lived
in houses built of perishable materials and were buried under or near the house with few exotic grave
goods. Furthermore, the level of status is often indicated by the presence of high-value grave goods and
items exemplifying access to wealth during life in elite or high-status graves, while few grave goods were
buried in commoner and low status burials. Socioeconomic dynamics among the Maya resulted in
different food supply networks as elite subsistence strategies relied more on political and economic
networks and commoner strategies were based on household food production or farming (Somerville et
al. 2013; Williams et al. 2017). Additionally, archaeological data from faunal remains suggest elites had
more access to large mammals than commoners (Emery 2003; Masson 1999; Sharpe and Emery
2015:201). Although archaeological evidence for warfare is less common prior to the Terminal Classic
and Postclassic, hieroglyphics and iconography emphasize the humiliation and sacrifice of rulers and
other captives taken in war (Duncan 2011; Miller 2007; Tiesler and Cucina 2007). War captive diets may
not reflect the local subsistence strategies of elites and commoners if they are victims of raids and warfare
in different regions.

After the reorganization of Classic Maya political structure and the regional balkanization of large
kingdoms in the central lowlands, Maya society experienced a transition in both settlement location and
the organization of centralized political systems (Chase and Chase 1996, 1998b; Lucero 1999). During the
Terminal Classic Period, large regional political capitals formed in the northern lowlands, in addition to
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the expansion of settlements and smaller centers located at or near the gulf coast, cenotes, lagoons, and
riverine systems (Masson 1999; Masson and Mock 2004; Williams et al. 2009). Scholars suggest that the
growing elite classes and nobility that developed during this period formed an institution of council rule
(multepal) to govern the territories within their polities instead of a paramount ruler or unilateral
sovereign lineage (Hoggarth et al. 2016; Masson and Freidel 2012; Peraza Lope et al. 2014; Ringle and
Bey III 2001; Sabloff 2007). Concurrently, the increased importance of inland and coastal trade during
the Postclassic period resulted in a network of mercantile relationships that reorganized commerce within
the Maya region (Andrews 1993; Sabloff and Rathje 1975; Piña Chan 1978). This may have been
intensified by market institutions during the shift away from monarchal power in the Terminal and
Postclassic Periods resulting in different patterns of elite and artisan activity, shifting redistribution
systems, and changing access to resources (Masson and Peraza Lope 2014b; Masson and Freidel 2012;
Braswell 2010; Masson and Freidel 2012)

Ancient Maya dietary patterns

Isotopic comparisons between archaeological sites across major geographic zones in the Maya region
indicate ancient diets were influenced by regional variation in available food resources (Gerry and
Krueger 1997; Somerville et al. 2013; Wright 2006; Tykot 2002). The diverse compliment of ecosystems
across the Maya region resulted in environmental differences that ancient communities adapted to and
exploited. Although maize was the dominant staple crop in the Maya agrarian economy, a variety of
additional cultivated crops were managed in agricultural fields and household gardens including beans,
squash, sweet potato, chili peppers, and many other plant resources. Wild tropical plants, fruits,
succulents and cactus from the local forests likely served as dietary supplement and served as a back-up
food source during times of stress (e.g., episodic drought) or in regions where environmental conditions
limited the size of seasonal maize yields. Maya diets included a variety of animal protein sources
including large terrestrial game (i.e. deer and peccary), small terrestrial game (i.e. iguana, rabbit, and
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armadillo), wild and managed fowl, and domesticated dogs. At coastal towns and villages there was more
of a focus on protein rich marine foods (i.e. marine fish (Hamblin 1984; Jimenez Cano 2019) and, at least
during the Postclassic and Colonial Periods, marine fish were roasted, dried and salted for trade with
inland communities (Andrews 1993; Piña Chan 1978; Lange 1971). In the southern Maya lowlands,
freshwater fish and fauna were captured and consumed from rivers, lakes, and marshlands (Healy et al.
1990).

Archaeological research has used the consumption of isotopic-specific foods in human diets to understand
regional and ecological patterns (Gerry and Krueger 1997; Williams et al. 2009), social stratification
(Ebert et al. 2019; Gerry 1997; Somerville et al. 2013), sex differences (White 2005), and episodes of
environmental stress (e.g. Maya collapse) (Ebert et al. 2019; Wright 2006; White 1997). For example, the
most common staple crop in ancient agrarian economies in the Maya region was maize, a 13C-enriched C4
plant, but the vast majority of tropical plants and other domesticates were 13C-depleted C3 plants or
animals that consumed C3 plants (Somerville et al. 2013; Tykot 2006; White 1999). The diversification of
subsistence economies may reflect less reliance on maize as more 13C-depleted C3 resources are
integrated into the food supply system (Wright 2006). Conversely, specialized subsistence economies that
exploit foods from marine ecosystems (e.g. coastal towns) are expected to have less diversity in the diet.
In highly stratified communities, consumption patterns were embedded within the social organization
resulting in differential access to foods and isotopic variation between high-status and low-status
(Somerville et al. 2013). Maya cities that were heavily dependent on maize agriculture and surplus
generation may have subsistence economies with lower agricultural diversity and isotopic parity between
urban residents consuming 13C-enriched foods. However, dietary inequality may be more pronounced if
foods are status-linked and only accessible within certain political and economic networks (Chase and
Chase 1992; Somerville et al. 2013; Williams et al. 2017). Finally, as cities diversify, some individuals
may be from foreign communities with different subsistence practices and reflect nonlocal farmers,
hunters, or merchants.
103

Urban environment at Mayapán

The emergence of Mayapán during the 12th century was paralleled by rapid population growth from
communities in the Yucatán and hinterlands that were involved in the confederation (Tozzer 1941:23-26),
migration would have played a substantial role in the expansion and stability of the population (Masson
and Peraza Lope 2014b:559). The aggregation of local and regional populations would have contributed
to the formation of new information and exchange networks, including imported exotic foods and
regional cuisines. However, the material culture within peninsular Yucatán communities was not highly
distinctive and immigrants to Mayapán may not be distinguishable (Masson et al. 2010). George et al. (in
preparation) demonstrates that strontium values support a pattern of sustained local and regional
population aggregation from communities in the Northern Yucatán Peninsula until the demise of the city.

The urban setting provided a centralized location for artisans, merchants, administrators, and nobles to
oversee and influence regional commerce through trade, exchange, marketplaces and tribute systems
(Masson and Freidel 2012; Smith and Berdan 2003a). Specialized workshops and multicrafting
households within the city manufactured domestic items (e.g. lithics and ceramics) using local and
nonlocal raw materials (e.g. chert, shell, and obsidian), in addition to crafting luxury commodities, such
as copper bells, effigy censers, and figurines (Masson et al. 2016; Masson and Freidel 2012; Paris 2008).
The exchange system also supplemented the subsistence needs of the city with staple crops, game, exotic
items (e.g., cacao, etc.) and coastal resources (e.g. fish, and salt) (Tozzer 1941:40; Masson and Peraza
Lope 2014b). The development of subsistence networks also served to minimize risk by buffering against
periods of instability due to drought, hurricanes, and other disasters that would impact local food
production (Masson et al. 2014; Kennett et al. 2016:201; Freidel and Shaw 2000). Masson and Peraza
Lope (2014: Chapter 3) propose that ceremonies, feasts, and other sociopolitical gatherings at civicceremonial facilities within the city (e.g. monumental core, temples, halls, and elite residences) helped
connect high and low status residents, government officials, and visitors. Furthermore, scholars posit that
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the integration of markets within an agro-urban economy would create a centralized place for the
exchange of local and regional commodities between urban residents, vendors, and foreign merchants,
and could also be complementary to tribute and taxation systems that were monitored by elite officials
(Masson et al. 2016; Masson and Freidel 2012; Smith and Berdan 2003a; Blanton 1996; Berdan 1988).

The population of Mayapán was supported by a subsistence economy of local agriculture and longdistance exchange (Kennett et al. 2016; Masson and Peraza Lope 2014c). Based on a large sample of
97,416 faunal bones, general patterns of domestic and ritual animal food production were identified from
contexts within the monumental core and domestic settlement zone (Masson and Peraza Lope 2008, 2013,
2014c). The faunal assemblage consisted of a rich variety of taxa including mammals, birds, reptiles,
amphibians, and fish (Masson and Peraza Lope 2008; Jimenez Cano 2019). The dominant taxa found
within the monumental core and domestic settlement zone included white-tailed deer (23%), turkey/bird
(19.7%), iguana (10%), dog (4.4%), brocket deer (2.6%), peccary (1.1%), fish (1.1%), and turtles (0.8%)
(Masson and Peraza Lope 2008:251). The faunal assemblage was dominated by white-tailed deer,
turkey/birds, and iguana within all contexts. Dog, peccary, and brocket deer were consumed more
frequently in the site center than in the domestic settlement zone. Notable differences were found in the
higher taxonomic diversity within the monumental center compared to the higher frequency of small
mammals, iguana, and fish in the outlying domestic zones although the exclusivity of animals used at
specific structures was not observed in the assemblage (Masson and Peraza Lope 2008, 2013).

The wide distribution of faunal remains from different species and age classes suggests that a variety of
subsistence practices were used to provision the city’s inhabitants. The large proportion of deer and
turkey (bird) bones represented approximately two-thirds of the faunal samples in the assemblages,
perhaps suggestive of management of these animals at the site. The abundance of immature white-tailed
deer samples (>30%) within the site core and outlying domestic settlement suggests a form of hunting and
game management was used to select subadults (i.e., maximized meat yields) from the forests
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surrounding the city. Masson and Peraza Lope (2008) suggest these patterns correspond to a form of
animal husbandry and that enclosures attached to houselots inside the city may have been used to raise
and potentially breed white-tailed deer and other animals (e.g., dogs, turkeys and peccaries; (Masson and
Peraza Lope 2008, 2013). This pattern of subadult butchering was also documented among other species,
characterized by unfused epiphyses and is paralleled in the domesticated dog assemblage (Masson and
Peraza Lope 2013). The bones of domesticated dogs were mainly found in the faunal assemblage from the
monumental urban core (4.4%) and a smaller proportion was found in the outlying domestic settlement
(1.4%). The overall abundance and diversity of animals in the assemblage suggests hunting and
management were an essential component of the coastal-inland economic system.

Archaeological evidence indicates violence and warfare were endemic across the Maya region during the
Late Postclassic Period (Duncan 2011; Duncan and Schwarz 2015; Paris et al. 2017; Serafin et al. 2014;
Tozzer 1941:230; Cen et al. 2007; Serafin et al. 2014; Tiesler and Cucina 2012). AMS radiocarbon dates
from mortuary deposits at Mayapán, including mass graves, indicate increased violence after 1250 CE
(Kennett et al. 2016). Terminal warfare, internal social upheavals, external raids, and sudden factional
conflicts would have diminished the capacity of Mayapán’s subsistence economy to sustain the urban
population, while also impacting cooperation between hinterland vassals and more distant regions.
Militarism was essential to the Mayapán confederacy in order to defend the political, religious, and
economic interests within the fortified city and abroad (Masson and Peraza Lope 2014c; Kennett et al.
2016). The high ratio of projectile points to tools (1:5) found in the city’s houselots, combined with the
high percentage of pointed knives (up to 28% of the total assemblage compared to 3% agrarian axes)
indicates that the community was well-armed and prepared for violent conflict (Masson et al. 2014).
Bioarchaeological evidence from the mortuary population supports high incidence of violent conflicts that
include healed and perimortem cranial trauma and projectile point wounds (Serafin et al. 2014). Sacrifice
and military themes are common in the city’s public art (Masson and Peraza Lope 2014a:214). The high
proportion of mortuary deposits associated with disarticulated human remains, butchered victims, and
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both local and foreign casualties found in various parts of the monumental core and outlying Itzmal Ch’en
group suggest the community was experiencing episodes of warfare and interpersonal violence (Masson
et al. 2014; Serafin and Lope 2007; Serafin 2010). Paris et al. (2017: 64, 83) posits that the high
proportion of mass graves may have been linked to the juridical power of the Mayapán polity and the
close association of casualties to monuments and the Itzmal Ch’en group suggests desecratory termination
through public executions, military engagements, and the violent suppression of insurrections. Overall,
destroyed buildings, mass graves, artistic themes of violence, and trauma complement retrospective
historic accounts reporting episodes of violence and warfare at Mayapán.

Stable Isotope Analysis of Bone Collagen

Stable carbon and nitrogen isotope analysis of bone collagen is a well-established technique used to
reconstruct ancient dietary patterns in humans and animals (Ambrose and Krigbaum 2003; DeNiro and
Epstein 1981, 1978). The technique isolates bone collagen (a protein derived from multiple amino acids)
preserved in the skeletal matrix and is used to estimate the 10-15 year rolling average of protein intake in
the diet (Hedges et al. 2007; Tsutaya and Yoneda 2013; Szulc et al. 2000). The basic principle assumes
that consumers will incorporate different protein sources into their tissues and bones based on their
ecological position within a food web (e.g., trophic level). Stable carbon values mainly serve as a proxy
for the consumption of different types of plants, classified by the photosynthetic pathways used to convert
CO2 and water into carbohydrates: C3 (Calvin-Benson; e.g. trees and shrubs), C4 (Hatch-Slack; e.g. maize,
savannah grasses, lichen) and CAM (crassulacean acid metabolism; e.g. succulents; Pineapple) plants.
Stable carbon values do not overlap in C3 and C4 species. The metabolic fractionation for C3 plants and
organisms that mainly consume C3 plants range between -20‰ to -37‰ while C4 plants and the
organisms that solely consume them range between -7‰ to -15‰ (Ehleringer et al. 1989; Dawson et al.
2002; Ambrose and Norr 1993; Howland et al. 2003; Kohn 2010; Tieszen and Fagre 1993; Tykot 2006).
CAM plants fall between C3 and C4 ranges depending on climate conditions in the environment, but often
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overlap with C4 plants (O’Leary 1988). The analysis of bone collagen δ13C values will reflect the
proportion of C3 and C4 plants in the diet.

Stable nitrogen values help determine the importance of animal proteins in the diet and the trophic
structure of the food web. Nitrogen values increase in a stepwise pattern by 3-5‰ with each trophic level
(Hedges and Reynard 2007). Terrestrial plants, plankton, and marine invertebrates usually have nitrogen
values between 0‰ to 4‰ and are found at the base of the food web while terrestrial herbivories and
reef/estuary fish have values that reflect approximately one trophic level higher (>3‰ to ~10‰). Aquatic
mammals, fish, and terrestrial predators are generally more enriched in nitrogen relative to terrestrial
fauna (Schoeninger et al. 1983, 1983; Schwarcz et al. 1985). Human and animal diets high in animal
proteins will have bone collagen δ15N values that are higher than the lower tier animals. Carbon and
nitrogen values can be used to help distinguish between the feeding regimes of terrestrial fauna/freshwater
fish (C3) and marine fauna (C4). For example, marine fauna generally exhibits δ15N values that are 6-8‰
higher than terrestrial fauna (Schoeninger and DeNiro 1984), and human diets high in marine fauna will
be enriched more than diets solely reliant on terrestrial resources. Though isotopic values within food
webs are typically predictable, food resources derived from different environments may have similar δ13C
and δ15N values and may be difficult to differentiate in the dietary reconstruction. For example, maize
(C4) and C4-like reef fish have a similar isotopic profile high in δ13C values and low in δ15N values
(Schoeninger and DeNiro 1984; Williams et al. 2009; Capone and Carpenter 1982). In cases of animal
husbandry and domestication, differences between wild and C4 feeding regimes can be used to identify
managed species at a site (Sharpe, Emery, et al. 2018; White et al. 2001; Thornton et al. 2016; Emery et
al. 2000; Emery and Thornton 2008). The prolonged consumption of cultivated C4 foods (i.e. maize)
and/or foraging on human waste and feces near households, possibly while penned, will result in animal
bone collagen samples with δ13C and δ15N values that reflect their proximity to human communities
(Hwang et al. 2007; Jenkins and Lundy 2001). Diets predominantly dependent on δ13C enriched protein
sources are expected to have higher δ13C values and δ15N values with a proportional trophic offset
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(Schwarcz 2016; Metcalfe et al. 2009), while diets that integrated C3 animals and plants (e.g., deer and
beans) are expected to be more depleted in δ13C values, suggesting less maize and C4-fed animals in the
diet.

Reconstructions of ancient human diets have been extensively studied in the southern Maya lowlands.
These studies have called attention to dietary heterogeneity in human diets due to the dynamic
relationship between foods and status networks and regional environment differences: Aguateca (Wright
2006), Altar de Sacrificios (Wright 2006, 1997), Altun Ha (White et al. 2001), Baking Pot (Gerry 1994),
Barton Ramie (Gerry 1994), Cahal Pech (Ebert et al. 2019), Chac Balam (Parker 2011), Chau Hiix
(Metcalfe et al. 2009), Copan (Gerry and Krueger 1997), Dos Pilas (Wright 2006), Holmul (Gerry and
Krueger 1997), Itzan (Wright 2006), K'axob (Henderson 2003), Kaminaljuyu (Wright and Schwarcz
1999), Lamanai (White and Schwarcz 1989; Coyston et al. 1999), Marco Gonzalez (Williams et al. 2009),
Minanha (Williams et al. 2017), Mojo Cay(Norr 1991), Pacbitun (White et al. 2001), San Juan (Parker
2011), San Pedro (Williams et al. 2009), Ceibal (Gerry and Krueger 1997), Tamarindito (Wright 2006),
and Uaxactun (Gerry and Krueger 1997) (see Somerville et al. 2013 for aggregate analysis for Pasion and
Belize valley)). Although agricultural intensification focused on the production of maize as a staple crop,
stable isotope research indicates social differences in the food pathways and networks of elites and
commoners (Somerville et al. 2013).

Conversely, only a small number of studies have focused on isotopic dietary patterns in the northern
Maya lowlands. A comparison of human isotopic data from three Classic Period sites in the Northern
Yucatán Peninsula suggests both chronological and geographic differences in the diets. A small sample of
three dentin samples and one bone sample from Early-Late Classic contexts (AD 400-800) at
Chunchucmil, a large site located near the western coast suggests less reliance on maize than later periods
(Mansell et al. 2006). The overall depleted carbon and nitrogen values suggest people relied on a more
heterogeneous diet with less maize, terrestrial animals, and fish than other regions (n=3, δ13C = -14.7 ±
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1.1‰, δ15N 7.0 ± 0.5‰, (Mansell et al. 2006)). Carbonate samples from seven burials at Chunchucmil
suggests the diet consisted of more C3 plants than maize and terrestrial animals (Mansell et al. 2006). In
contrast, the narrow range of carbon values and more enriched nitrogen results from Late Classic burials
at the site of Xcambo located on the northwest coast indicates more reliance on maize, terrestrial animals,
and fish (n=12, δ13C = -7.98 ± 0.93‰, δ15N 10.96 ± 1.6‰ (Sosa et al. 2014) and the inland Classic site of
Yaxuna exhibits a dietary pattern consistent with reliance on maize and terrestrial animals and not fish
(n= 26, δ13C = -9.66 ± 1.44‰, δ15N = 8.14 ± 0.8‰, (Tiesler et al. 2017)). Although the means within
status categories are not significantly different, Tiesler and colleagues argue that the lower δ 15N values in
the Early Classic royal burials indicates elites were consuming less animal protein than the later
populations.

Materials and Methods

For this study, we measured carbon (δ 13C) and nitrogen (δ 15N) isotopes in 208 directly AMS 14C dated
human burials from Mayapán to investigate intra-community dietary variability through time within
several demographic categories (i.e. status, age, and sex) (Figure 3-2). Samples were collected from
multiple contexts in the monumental core and settlement zone. This included 132 burials analyzed in this
study and 77 previously analyzed human burials (Kennett et al. 2016). The 2-sigma range for each
individual AMS radiocarbon date (Kennett et al. in preparation). We also examined the stable isotope
composition of faunal remains recovered during excavations at the site (n=56) to assess the terrestrial
sources of animal protein in the diet. For regional and chronological comparisons, we included stable
isotope data from previous studies in the Maya region: ten Classic Period sites (Ebert et al. 2019; Gerry
1994; Parker 2011; Somerville et al. 2013; Tiesler et al. 2017; Wright 2006; Reed 2006), and two
Postclassic Period sites (Williams et al. 2009).
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Figure 3-2: Map of Mayapán and the locations of burials in this study (red circles; adapted from Kennett
et al. 2016).
Sample pretreatment, bone collagen extraction and purification were performed in the Human
Paleoecology and Isotope Geochemistry Lab at The Pennsylvania State University. Approximately 100
mg to 1000 mg of skeletal material was sampled and bone surfaces were physically cleaned with an Xacto® blade prior to the demineralizing and gelatinization process. Bone collagen was extracted and
purified using the modified Longin (Longin 1971)method with ultrafiltration (McClure et al. 2010;
Kennett, Plog, et al. 2017; Brown et al. 1988) or XAD amino acid purification (Lohse et al. 2014;
Stafford et al. 1988) depending on the preservation of the sample. Samples were suspended in 0.5 N HCl
at 5 °C for 24-48 hours until the bone matrix was demineralized. This step was followed by two rinse
cycles of Nanopure H2O until neutrality. The resulting collagen pseudomorph was gelatinized for 12
hours at 60 °C in 0.01 N HCl and lyophilized for 48 hours.
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Samples were resuspended in Nanopure H2O and transferred to pre-cleaned Centriprep® 30 ultrafilters (to
retain >30 kDa molecular weight gelatin) and centrifuged 6 times following (McClure et al. 2010:28-29)
to filter, desalt, and dilute the gelatinized solution. Purified collagen samples were lyophilized for 48
hours and evaluated for crude gelatin yields. Samples with low collagen yields were further processed
using XAD-purification to isolate amino acids in the ultrafiltered bone collagen ((Lohse et al. 2014;
Stafford et al. 1988, 1991). The purified collagen was hydrolysed in 2 mL 6 N HCl for 22 hours at 110
°C. The 2 mL collagen hydrolysate solution was transferred to a dropwise syringe and passed through a
pretreated Supelco ENVI-Chrom® SPE (Solid Phase Extraction; SigmaeAldrich) column and eluted with
10 mL 6 N HCl in a 20 mm culture tube. The purified hydrolysate was heated to 50 °C and dried under
UHP N2 gas for ~12 hours. Approximately 1.7 mg of collagen were sampled for carbon and nitrogen
isotopes.

Stable carbon and nitrogen concentrations were analyzed using a Costech EA (ECS 4010), Thermo
Finnigan Conflo IV gas handling device, and a Thermo Finnigan Delta V analyzer at the Pennsylvania
State University Light Isotope Laboratory and at the Yale Analytical and Stable Isotope Center with a
Costech ECS 4010 Elemental Analyzer with Conflo III interface. The quality of bone collagen
preservation was assessed using crude collagen yield %, %C, %N and atomic ratios (DeNiro 1985; Van
Klinken 1999). As a measure of quality control C:N atomic ratios between 3.11 and 3.5 were considered
acceptable (DeNiro 1985; Van Klinken 1999). Stable isotopes were measured as ratios of carbon (13C/12C)
and nitrogen (15N/14N) and expressed as delta (δ) units in parts per thousand (‰) relative to VPDB (C)
and AIR (N) using the equation (X(‰) = (Rsample/Rstandard – 1) x 1000) (Schwarcz and Schoeninger 1991).

Methodological considerations in Bone Turnover Rates

Here we highlight several methodological considerations in our analysis that are related to potential
intraskeletal isotopic variation. Collagenous proteins in bones are expected to represent a revolving multi112

year average of the diet that represents ~10 years before death (Tykot 2006; Hedges et al. 2007).
However, bone remodeling rates are known to vary in the skeleton. Some skeletal elements retain
developmental isotopic values (i.e. dentin collagen and the pars petrosa of the petrous region of temporal
bone), while other elements remodel every 1-5 years (i.e. ribs, trabecular and cancellous bone) or turnover
at slower rates (~10 years) after adolescence (i.e. femur and humerus) (Hedges et al. 2007; Katsimbri
2017; Cox and Sealy 1997; Jørkov et al. 2009; Manolagas 2000).

Bone collagen preservation in the tropics is often poor so we sampled cortical tissues in the femur and
when these tissues failed to yield high percentages of collagen, we resampled ribs, cranial elements, or
tooth root dentin. To account for sampling bias in skeletal materials, we considered the potential effects of
turnover rate and the estimated age at death for each burial to help guide our interpretation of the data.
The average turnover rates can be influenced by a number of factors, including the stage of development,
metabolic activity, health, age, biological sex, and life-style (Hedges et al. 2007; Krieger 2005; Ruff et al.
2006). Therefore, isotopic values from bone collagen can potentially represent the average protein intake
for as few as 3 years in ribs/trabecular bone and potentially 20 years in femurs (Pate 1994; Katzenberg
2008). Bones that develop during infancy and prior to weaning may retain the residual maternal dietary
component from breastfeeding into adulthood (Richards et al. 2002; Katzenberg and Pfeiffer 1995).

Although remodeling rates change throughout life, different bones can be used as proxies to identify postweaning periods and nutritional stress (Beaumont et al. 2015; Fuller et al. 2005; Stenhouse and Baxter
1979). Remodeling in infants and children occurs at higher rates compared with individuals in their early
teens, while remodeling rates in adults will decrease over the course of a person’s life (Hedges et al. 2007;
Geyh 2001). Based on the estimated remodeling rates, stable isotopes from different bones may reflect the
incorporation of foods from multiple periods in a person’s life. Remodeling rates in tooth dentin, cortical
and trabecular bones, cranial elements, and irregular bones (i.e. petrous region of the temporal bone) may
represent the incorporation of different isotopic dietary signatures throughout life. For example, the
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collagen matrix in tooth root dentin will vary depending on which tooth is analyzed (Schroeder et al.
2009). Deciduous teeth and permanent incisors, canines, premolars, and first molars begin to form in
utero or during infancy and will continue to slowly model until early adolescence. The δ15N values in
these teeth have incorporated the maternal dietary signature from a period of exclusive breastfeeding and
may be enriched by a 2-3 per mil (‰) trophic fractionation effect, compared with post-weaning diets
(Fuller et al. 2005; Fogel et al. 1989). Second and third molars form later in adolescence and dentin is
expected to represent the post-weaning dietary signature (Scheid 2012). Likewise, due to the slow
turnover rates in dense cortical bones (i.e. femur and humerus), isotopic measurements in younger
individuals could represent the isotopic residual of the infant and subadult diets (DeNiro and Schoeniger
1983). Alternatively, the estimated turnover rates for ribs and trabecular (cancellous) bones remodel every
3-5 years and represent a shorter period before death than more dense bones (e.g. femur and pars petrosa
of the temporal bone) and tooth root dentin (Cox and Sealy 1997; Hedges et al. 2007; Jørkov et al. 2009;
Manolagas 2000). Although the precise turnover rates for adult cranial elements are currently unknown,
the relatively low surface volume ratios and small size suggest a reasonable estimate for the turnover rates
is likely between ribs and dense cortical tissues (Tsutaya and Yoneda 2013; Fahy et al. 2017).

Our sampling procedure resulted in the final analysis of 123 cortical bone elements, 60 cranial bone
elements, six temporal (petrous) bone elements, 18 teeth, and two vertebral elements. The samples were
grouped by age-at-death (age) and sex estimates based on standard osteological morphological
characteristics (Serafin 2010). The age distribution of the sample was divided into five categories: Infant
(less than 2 years), Juvenile (>2 years, <18 years), adult (>18years, <50 years), old adult (>50 years), and
unassigned age (U). The sample consists of eight infants (n=8), 26 juveniles, 111 adults, 33 old adults and
31 unassigned. The Mayapán sample consisted of 53 males (+7 likely male), 49 females (+11 likely
female), and 110 unassigned.
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Trophic Level Fractionation from Breastfeeding and Age-at-Death Estimates

We evaluated trophic-level enrichment patterns in δ15N values following Kennett and colleague’s
previous analysis of the residual effects of breastfeeding in the Mayapán mortuary population (n=77)
(2016). Within a food web the consumption of animals from higher trophic levels results in an increase in
δ15N between 3-5‰ and will indicate stages of trophic-level enrichment in the diet (DeNiro and Epstein
1981). The dietary contributions of higher order animals are expected to differ from other diets by
approximately one-half a trophic level. However, since bone turnover gradually equilibrates to the postweaning diet, certain bones may retain some trophic-level effects of breastfeeding later in life. On the
other hand, δ13C values exhibit lower fractionation effects and are generally only enriched by ~1‰
between maternal diets and exclusively breastfed infants (Fuller et al. 2005; Richards et al. 2002).
Exclusively breastfed infants are expected to have δ15N enrichment of ~2-3‰ and δ13C enrichment of
~1‰ above the mother’s diet. Therefore, adult bones that form during breastfed periods may retain this
enriched value into adulthood in bone that have slow turnover rates.

We estimated the maximum trophic-level effect from breastfeeding in the Mayapán sample by adding
commonly used enrichment values (+3‰ δ15N and δ13C +1‰) to the adult female mean (± 2σ) in the
burial population (Figure 3-3a and 3-3b) (Fogel et al. 1989; Fuller et al. 2005; Garner et al. 2017). The
means for the adult female δ13C and δ15N values is -9.7 ±0.9‰ and 8.7 ±0.9‰, respectively (n=34). The
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Figure 3-3. Ranges of δ15N (A) and δ13C (B) values grouped by estimated age-at-death. The highlighted
region represents the 2σ ranges for Δ13C and Δ δ15N trophic enrichment from breastfeeding for the
Mayapán sample (n=34). The red dashed line represents a hypothetical baseline expectation prior to the
turnover of immature bone collagen to the adult diet in the Mayapán population (Kennett et al. 2016). (A)
δ15N values indicates all infant samples and 32 subadults, adults, and unknown samples fall within the 2σ
range of the estimated trophic-level fractionation of breastfeeding. (B) δ13C values for all age categories
suggest diets high in C3-terrestrial resources. Infants fall within expected trophic-level ranges from
breastfeeding. There is no statistical difference between juvenile, adult, old adult, and unknown age
categories (ANOVA, F(3)=6.628, p > 0.05).
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adult female δ13C and δ15N values are not significantly different from the total sample population (Oneway Z-test δ13C, z = 0.323, p=0.746, Cohen’s d = 0.055; One-way Z-test δ15N, z = -1.151, p = 0.2498,
Cohen’s d = 0.2). We evaluated samples using three parameters: 1) high δ13C and δ15N thresholds, 2)
estimated age-at-death, and 3) slow turnover rates (i.e. dentin and collagen from dense cortical bone)
(Schroeder et al. 2009; Hedges et al. 2007; Katzenberg and Pfeiffer 1995; Richards et al. 2002).

In Figure 3-3, the δ13C and δ15N results from all 209 samples are shown grouped by the estimated age at
death displayed by bon plots. The highlighted region represents the estimated ranges for Δ13C and Δ δ15N
trophic enrichment from breastfeeding for the Mayapán sample. In total, 18 samples were removed from
the statistical analysis. All infant burials exhibited δ13C and δ15N values that are consistent within the
expected trophic-level effect of breastfeeding compared to adult females at Mayapán (δ13C = -8.7‰ ±1.7,
δ15N =11.5‰ ±0.92, n=8). In total, ten juveniles, adults, and unidentified samples were analyzed from
bone elements that have immature values rather than values that reflect the homogenized post-weaning
diets. We retained twenty adult and old adult samples with enriched δ13C and δ15N values because the
estimated age-at-death suggests bone turnover rates likely equilibrated to the adult diet (supported in the
age-model based on the infant and subadult isotopes and age-at-death).

Results

Faunal Stable Isotope Results

The stable carbon and nitrogen isotopes for the most common animal species in the Mayapán faunal
assemblage was analyzed to establish a baseline for interpreting human diet. The results are summarized
in Table 3-2. The samples were selected to estimate the range of isotopic variation in the human diet from
terrestrial animals. The δ13C and δ15N mean values for white-tailed deer (δ13C -21.2‰ ± 0.9‰, δ15N 5.6‰
117

± 0.7‰, n=25), brocket deer (δ13C -22.4‰ ± 2. 5‰, δ15N 6.1‰ ± 1.1‰, n=10), large mammals (δ13C 20.4‰ ± 1.3‰, δ15N 6.3‰ ± 1.4‰, n=9), and peccary (δ13C -18.7‰ ± 3.0‰, δ15N 5.7‰ ± 1.1‰, n=6)
are consistent with diets high in C3 foods while the turkey (δ13C -11.9‰ ± 4.1‰, δ15N 6.5‰ ± 1.4‰,
n=12) and dogs (δ13C -9.6‰ ± 1.1‰, δ15N 7.8‰ ± 0.8‰, n=3) exhibit δ13C and δ15N mean values
consistent with the consumption of C4 foods. Figure 3-4 compares the δ13C and δ15N values from 5
different terrestrial animal species.

Figure 3-4. Box plots display the stable carbon and nitrogen isotope results for 65 faunal samples from
Mayapán. The center line represents the median and the upper and lower quartiles correspond to the 25th
and 75th percentiles. The whiskers extend to the 5th and 95th percentiles. * represent samples outside these
limits.
Human δ13C and δ15N Results

The results of the stable isotope analysis of human bone collagen from Mayapán are presented in Table 33. The earliest burials at Mayapán date to the Terminal Classic Period (750-1000 C.E.; n=4), but it is not
known if these burials are associated with the rise of Mayapán. Early Postclassic Period (1000-1200 C.E.;
n=11) burials date to the early settlement of the center.
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Table 3-2. Summary of the Mayapán Faunal Results from the Stable Carbon and Nitrogen Isotope
Analysis.
sample
White-tailed Deer
Brocket Deer
Large Mammal
Peccary
Turkey
Dog
Total

n
25
10
9
6
12
3
65

δ13CVPBD
(‰) mean
-21.2
-22.4
-20.4
-18.7
-11.9
-9.6

2

S.D. σ
Range
0.9 0.73 -23.2 to -19.5
2.5 6.42 -24.9 to -15.4
1.3 1.65 -22.1 to -18.7
3.0 8.97 -21.7 to -15.0
4.1 17.13 -20.8 to -7.9
1.1 1.27 -10.7 to -8.5

δ15NAIR
(‰) mean
5.6
6.1
6.3
5.7
6.5
7.8

S.D.
0.7
1.1
1.4
1.1
1.4
0.8

2

σ
0.47
1.16
2.17
1.23
2.10
0.58

Range
4.2 to 6.6
4.8 to 8.8
5.1 to 10.0
4.3 to 7.2
4.4 to 8.2
7.0 to 8.5

The majority of burials date to the founding of the polity during the Early Mayapán Period (1200-1250
C.E.; n=66) and during the apogee of the city during the Middle Mayapán Period (1250-1400 C.E.; n=90).
We have a smaller sample from the demise of the city during the Late Mayapán Period (1400-1500 C.E.;
n=20). Terminal Classic samples were excluded from the statistical comparisons based on the small
sample size.

Human bone collagen δ13C value values at Mayapán (N=191) average -9.65‰ (± 0.9‰) and range
between -13‰ to -7.45‰ and the δ15N values average 8.95‰ (± 0.76‰) and range between 6.9‰ and
11.4‰ (Figure 3-5; Table 3). The δ13C data conform to a normal distribution (W=0.988, p >0.05) and
76% of samples in the population (n=145) cluster within 1 standard deviation of the mean (a narrow range
of ~1.8‰). Figure 3-5 displays the positive skew in the δ15N distribution (W =0.962, p < 0.05). The
distribution of δ15N data indicate that there are more samples within the mean δ15N values than the tails of
the distribution. While the total range spans 4.49‰, the majority of the samples have δ15N values within a
narrow range of ~1.5‰ (between 7.45‰ and 10.45‰), which indicates a large proportion of the
population consumed similar protein sources that resulted in a homogeneous dietary profile.

Figure 3-6 displays a weak positive correlation between the δ13C and δ15N values in the sample (n=191,
R2 = 0.224, p < 0.05, Mayapán = 0.41x + 12.91). The R2 value suggests nitrogen is contributing ~22% of
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the variation in the total sample. These results are slightly higher than the previous study by Kennett et al.
(2016) and are consistent with a population that is heavily reliant on maize-based agriculture and
terrestrial animals.

Diachronic Trends in Stable Isotope Results

The overall dietary profile at Mayapán is relatively homogeneous indicating that a large proportion of the
population was consuming similar foods. In order to test if dietary patterns remained homogeneous
through time or changed during the growth and decline of the city, we grouped the samples by
chronological period and burial status. Dietary differences were examined across periods by assessing
homogeneity of variances (Levene’s test) and compared using univariate analysis (ANOVA) and a nonparametric ANOVA (Kruskal-Wallis test of medians). Significant differences are corroborated using a
post-hoc Tukey’s honest significant differences (HSD) test with 10,000 bootstrap simulations and 95%
bias-corrected and accelerated confidence intervals. Individual comparisons between two groups were
made using two-tailed independent t-test with 10,000 bootstrap simulations and 95% bias-corrected and
accelerated confidence intervals. All statistics were evaluated using a statistical significance level of 0.05.

The results are displayed in Table 3-4. Figure 3-6 shows the distribution of δ13C and δ15N values grouped
by temporal categories. The distributions do not violate equality of variance (Levene’s test, p > 0.05)
indicating that the variance is relatively similar across all periods. The mean δ13C and δ15N values for the
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Figure 3-5. Frequency distributions of Stable Carbon and Nitrogen Isotope Data fit with a normal curve.
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Table 3-3. Summary of Stable Carbon and Nitrogen Isotope Results from Human Burials at Mayapán.
Descriptive Statistics
n

*

Mean

Median

Std

Variance

Lower 95% Upper 95%
CI for the
CI for the
mean
mean

δ13CVPBD‰

Minimum

Maximum Range

IQR

191
-9.65
-9.63
0.90
0.815
-9.78
-9.52
-13.1
-7.45
5.65
1.08
δ15NAIR‰
191
8.94
8.86
0.76
0.574
8.84
9.05
6.9
11.4
4.49
0.87
* Excludes samples with trophic-level fractionation from breadstfeeding; CI - Confidence Interval; std - Statndard Devisation; IQR - the interquartile range

Skewness

Kurtosis

-0.196

0.81

0.648

1.113

Figure 3-6. Stable Carbon and Nitrogen isotope values for 191 burials at Mayapán grouped by Chronological period. The figure displays the
dietary relationships at a Postclassic Period Maya urban community
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Early Postclassic group are slightly more enriched compared with later periods (δ13C -9.2‰ ± 1.06, δ15N
9.12 ± 0.93) and most similar to the Late Mayapán Period (δ13C -9.22‰ ± 0.97, δ15N 9.2 ± 0.78). The
Early Mayapán (δ13C -9.6‰ ± 0.77, δ15N 8.81 ± 0.78) and Middle Mayapán (δ13C -9.78‰ ± 0.89, δ15N
8.92 ± 0.93) Periods have δ13C and δ15N values slightly more depleted when compared to the Early
Postclassic and Late Mayapán Periods. Additionally, there is general overlap in the interquartile ranges
between periods that supports low variation in the dietary profiles through time (Figure 3-7). The Early
Postclassic Period sample has a positive skew in the δ15N distribution that is likely caused by the small
sample size. The Middle Mayapán Period exhibits a slight negative skew in the of δ13C distribution (n =
90, skewness = -0.654; W = 0.965, p = 0.017) and a positive skew in the δ15N distribution (n = 90,
skewness = 0.75; W = 0.952, p = 0.002) (Figure 3-7). We found a significant difference in the mean δ13C
values between periods (ANOVA, F(3,186) = 3.289, P=0.022; Kruskal-Wallis test, p < 0.05). A post-hoc
Tukey’s HSD test confirmed a significant difference between the mean δ13C values during the Middle
Mayapán Period and the Late Mayapán Period (p = 0.049, 95% BCa CI, 0.08467 to 1.02001; Cohen’s d =
0.558). There were no statistical differences found between the mean δ15N values ((F(3,186) = 1.105, p =
0.348 ; Kruskal-Wallis test, p > 0.05).

Comparisons between the average values in the EPC, EMP, and MMP indicate that the δ13C and δ15N
values display little variation between periods (Figure 3-8). However, the burials during the Late
Mayapán Period have values that are more enriched in δ13C on average compared with burials during the
MMP. The LMP data consists of a total of 20 burials. Twelve of the burials were categorized as war
captive/victims and recovered from a single context at the base of the Temple of Kukulcan (Q.162). This
burial context is associated with a massacre at the end of the Mayapán polity (Kennett et al. in
preparation; discussed in the next section).
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Figure 3-7: Histogram displaying the distribution of δ13C and δ15N values grouped by temporal category.
Early Postclassic Period, n = 11; Early Mayapán Period, n = 66; Middle Mayapán period, n = 90; Late
Mayapán Period, n = 20).
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Figure 3-8. Boxplots displaying the chronological differences between δ13C and δ15N values at Mayapán.
The center line represents the median, the upper and lower quartiles correspond to the 25th and 75th
percentiles, and the whiskers extend to the 5th and 95th percentiles. * represent values outside these limits.
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Table 3-4. Stable carbon and nitrogen isotope results grouped by temporal category.
Descriptive Statistics by Chronology

δ13CVPBD‰

δ15NAIR‰

*

Lower 95% CI Upper 95% CI
Minimum Maximum Range IQR Skewness Kurtosis
for the mean
for the mean

Chronology

n

Mean

Median

Std

Variance

TC

4
11

-11.04

-10.96

0.23

0.05

-11.41

-10.68

-11.38

-10.87

0.52

0.84

0.564

0.569

-9.20
-9.60
-9.78
-9.22

-9.08
-9.65
-9.69
-9.18

1.06
0.77
0.89
0.97

1.13
0.592
0.789
0.947

-9.92
-9.79
-9.97
-9.68

-8.49
-9.41
-9.60
-8.77

-10.65
-11.20
-13.10
-11.34

-7.45
-7.85
-7.59
-7.57

3.20
3.35
5.51
3.77

1.88
0.81
0.96
1.43

0.187
0.244
-0.654
-0.304

-1.166
-0.108
2.079
-0.259

8.54
9.12
8.89
8.92
9.20

8.56
8.89
8.81
8.86
9.27

0.25
0.93
0.78
0.73
0.78

0.06
0.873
0.602
0.527
0.604

8.15
8.50
8.70
8.77
8.83

8.93
9.75
9.08
9.07
9.56

8.26
7.97
6.90
7.22
7.55

8.80
11.00
11.27
11.40
10.66

0.54
3.03
4.37
4.18
3.11

0.40
0.34
0.92
0.73
1.10

-1.681
1.421
0.521
0.75
0.026

2.94
1.317
1.213
1.706
-0.131

EPC
EMP
MMP
LMP
Total

66
90
20
191

TC
EPC
EMP
MMP
LMP
Total

4
11
66
90
20
191

* Excludes samples with trophic-level fractionation from breadstfeeding; CI - Confidence Interval; std - Statndard Devisation; IQR - the interquartile range
TC - Terminal Classic Period; EPC - Early Postclassic Period; EMP - Early Mayapán Period; MMP - Middle Mayapán Period; LMP - Late Mayapán Period
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Diachronic Trends According to Burial Status

In Table 3-5, the δ13C and δ15N values for elite, commoner, and casualty socio-economic groups
are divided by chronological period. The commoner (n=54) δ13C values averaged -9.77‰
±0.78‰ with a range of 4.01‰ and δ15N values averaged 8.88‰ ±0.69‰ with a range of 3.66‰.
Commoner δ13C values conform to a normal distribution (W = 0.974, p = 0.289). Two outliers
from the Itzmal Chen group (MP067 and MP225) were identified in the δ15N distribution and
once trimmed the dataset also conformed to a normal distribution (W = 0.983, p = 0.642). The
means for elite burials were near identical to the commoner values. The δ13C values for elite
burials (n=58) exhibit a mean of -9.83‰ ±0.9‰ and a range of 4.58‰ while the δ15N values had
a range 3.53‰ and a mean of 8.89‰ ±0.69‰. Both δ13C and δ15N values conform to a normal
distribution. We observed similar δ13C and δ15N values in the unassigned burials recovered from
Cenotes (n=14, δ13C -9.78‰ ±0.88‰, range = 3‰ and δ15N 8.86‰ ±0.69‰, range = 2.96‰).
Burials from the war captive group (n=65) deviate significantly from normality in the distribution
of δ13C values (Mayapán =0.932, p=0.002) and conform to normality in the distribution of δ15N
values (Mayapán =0.979 p=0.329). The δ13C and δ15N means for casualty group are -9.32‰
±0.93‰ (range = 5.54‰) and 9.06‰ ±0.87‰ (range = 4.49‰), respectively.

Figure 3-9 expresses the relationship between the δ13C and δ15N values among the status groups.
All correlations are supported by 10,000 bootstrap iterations. A weak positive correlation is
observed between δ13C and δ15N in the commoner (R2 = 0.121, y = 0.3x + 11.86, p = 0.01, p <
0.05, 95% BCa CI, 0.10 - 0.695, n=54) and elite (R2 = 0.16, y = 0.55x +14.16, p = 0.02, p < 0.05,
95% BCa CI, 0.197 - 0.832, n=58) status groups. These values are similar to the R2 value found
in Kennett et al. (2016) (R2 = 0.11). The Casualties also exhibit a weak positive relationship but
the R2 value (0.33) is higher than previously observed (R2 = 0.33, y = 0.31x + 11.92, p < 0.001, p
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< 0.05, 95% BCa CI, -0.83 – 1.244). The results indicate elites and commoners had statistically
similar dietary profiles while the diets of Casualties/Victims exhibit more variability.

This implies that there was a trophic level gradient in the diets of commoners and elites at
Mayapán and that a large proportion of foreign casualties were more enriched in δ13C and δ15N
values. We compared the δ13C and δ15N values among the status groups and identified a
significant difference in the δ13C values (ANOVA, F(3,186) = 4.249, P=0.006; Kruskal-Wallis test,
p < 0.05). A Tukey HSD post-hoc test further confirmed that the pairwise differences were
significant between commoners and casualties (p = 0.033, Cohen’s d = 0.45, 95 % BCa CI,
0.3716 - 0.7502, Cohen’s d = 0.495) and elites and casualties (p=0.008, Cohen’s d = 0.51, 95 %
BCa CI, 0.1954 - 0.84412, Cohen’s d = 0.567). There were no significant differences observed
between the δ13C and δ15N values among the commoner, elites, or cenote groups.

Univariate analysis of the δ13C values confirmed that there were statistical differences within
temporal categories and between the aggregate status groups (δ13C ANOVA, F(9,166) = 2.798,
p=0.004, δ15N F=1.336, p = 0.222). Pairwise comparisons confirm statistical differences between
the Mayapán population and both formation and demise period casualties. There were no
statistical differences between the aggregate status categories during the MMP. During the
formation, we observed statistical differences in the δ13C and δ15N values between the Casualties
and Commoners (δ13C t = 3.832, p <0.05, n = 22, BCa10,000 p < 0.01, CI: 0.3259 to 1.006, Cohen’s
d = 1.142; δ15N, t=2.371, p < 0.05, n =22, BCa10,000 p < 0.05, CI: 0.0525 to 0.8801; Cohen’s d =
0.703).
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Table 3-5. Stable Carbon and Nitrogen results grouped by temporal category and status (n = 187).
Descriptive Statistics
15

δ13CVPBD‰
Chronology
Burial Status
Early Postclassic Period Commoner
Elite

Mean
-8.93
-9.53

SD
1.22
0.84

N
6
5

Mean
9.38
8.82

SD
1.25
0.10

Total
Commoner
Elite
Cenote
War Captive/Victim

11
-9.20
23
-9.78
17
-9.81
5
-9.89
21Casualties -9.16

1.06
0.43
0.88
1.27
0.69

11
23
17
5
21

9.12
8.60
8.94
9.27
9.06

0.93
0.53
0.83
1.15
0.82

Total
Middle Mayapán Period Commoner
Elite
Cenote
War Captive/Victim

66
-9.60
19
-9.88
30
-9.88
9
-9.72
31Casualties -9.64
89
-9.78
3
-9.31
6
-9.92
11Casualties -8.82
20
-9.22

0.77
0.76
0.92
0.67
0.99

66
19
30
9
31

8.89
9.11
8.83
8.79
8.93

0.78
0.55
0.72
0.35
0.89

0.89
0.22
1.02
0.89
0.97

89
3
6
11
20

8.92
8.89
9.05
9.36
9.20

0.73
0.69
0.45
0.94
0.78

Early Mayapán Period

Late MayapánPeriod

Total
Commoner
Elite
War Captive/Victim
Total

N
6
5

δ NAIR‰

129

Figure 3-9. Scatter plot of the δ13C and δ15N results grouped by status (N=187). The figure displays a similar regression line for commoners and elites
while the casualties have a different regression line.
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Casualties were slightly more enriched in δ13C (-9.11‰ ±0.7‰) and δ15N (9.09‰ ±0.81‰) than
the commoners (δ13C = -9.78‰ ±0.43‰; δ15N = 8.6‰ ±0.53‰). In contrast, while the elites were
significantly different in δ13C (n=17, t = 2.73, p < 0.05, BCa10,000 p < 0.05, CI: 0.1837 to 1.194;
Cohen’s d = 0.866), δ15N values were not significantly different. EMP commoners and elites were
not significantly different. However, EMP casualties were significantly different compared with
all other MMP status categories. The δ13C values for EMP and LMP casualties were not
significantly different from one another, while the δ13C values for MMP casualties were
significantly different from both EMP casualties (δ13C t = 2.133, p < 0.038, BCa10,000 p < 0.033,
CI: 0.09384 to 0.97827, Cohen’s d = 0.6) and LMP casualties (δ13C t = 2.411, p <0.021, n = ,
BCa10,000 p < 0.016, CI: 0.19427 to 1.44289, Cohen’s d = 0.91).

Discussion

Figure 10 displays the isotope values for terrestrial herbivores and human burials at Mayapán.
The faunal results were used to give some indication of the terrestrial animal protein sources in
the Mayapán diet and to give additional insight into the animal food production systems used at
the city. Animals hunted from the forests surrounding the center are expected to have isotopic
values within their natural foraging ranges while deviations from the expected means can be used
to infer changes in the foraging regime and identify animals that were fed via human management
strategies (Zavodny et al. 2019; McClure et al. 2009). The isotopic variation in the Mayapán
faunal sample is consistent with patterns found in ancient Maya faunal assemblages spanning
Early Classic to Postclassic Periods indicating wild and tended animals were present in the
middens (Sharpe, Emery, et al. 2018; Thornton 2011; Thornton et al. 2016; Emery et al. 2000;
Tykot et al. 1996; White 2004). Zooarchaeological data at Mayapán suggest animal husbandry or
game management provided the city with a great abundance of white-tailed deer, turkey/birds,
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dogs, and peccary, while brocket deer, peccary, fish, and turtles were less abundant in the
assemblage. The results indicate that the majority of white-tailed and brocket deer sampled
consumed C3 plant foods and exhibit δ15N values associated with post-nursing diets. The large
proportion of the turkey, dogs, peccary, a brocket deer, and an unassigned large mammal,
exhibited 13C-enriched δ13C values indicating that a significant proportion of animal proteins in
the human diet were derived from C4-fed animals.

The Mayapán faunal results cluster within three dietary groups consistent with exclusive C3 plant
proteins (i.e. wild tropical plants), a mix of C3 and C4 plant proteins, or C4 plant proteins
statistically identical to the human diet (Table 3-3). The majority of deer, peccary, and a single
turkey sample have similar isotopic values consistent with an exclusive diet of C3 tropical plants.
Conversely, most of the turkey (n=8) and dogs (n=3) have elevated δ13C and δ15N values high in
C4-based food sources suggesting that these species were raised in captivity and foraged upon
human foods and household refuse. Zooarchaeological evidence from the monumental core and
settlement zone suggests dogs remains were more associated with ritual foods and sacrificial
treatment while the ubiquity of turkey and deer remains across the site suggests these animals
were dietary staples (Kennett et al. 2016; Masson and Peraza Lope 2014c). Based on the ubiquity
of turkey and bird bones throughout the site and evidence of houselot enclosures associated with
animal management, Masson and Peraza Lope (2013) suggest household compounds within the
city tended to flocks of turkey and possibly raised wild deer within houselot enclosures. Although
none of the white-tailed deer samples showed significant evidence of consuming C4 plant proteins
prior to butchering, the abundance of white-tailed deer samples suggests at least some of the deer
were likely penned, raised, and potentially bred within these houselot enclosures in the city
(Masson and Peraza Lope 2008, 2013). During the Colonial period, Maya women tended to tame
deer (Tozzer 1941:127), while modern accounts indicate captive deer prefer wild forest plant and
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fruits (Fernando Flores and Marilyn Masson personal communication). It is plausible that some
white-tailed deer were provisioned with wild forest plants instead of large quantities of C4 foods
like the turkey and dogs.

Additional evidence for animal husbandry is found in the C3/C4 mixed group (three turkey, two
peccaries, and one brocket deer sample) that represents animals that were captured in the wild and
may have transitioned to a diet with some C4 based-foods for a period of time before being
butchered. The elevated shift in δ13C may suggest opportunistic foraging near agricultural zones
and houselots before butchery or could suggest the rearing of captured wild animals that were fed
a C4 diet long enough to cause dietary change in the isotopic signature. While the isotopic values
suggest nearly all the terrestrial mammals were butchered after the age of weening, a single
brocket deer and an unassigned large faunal sample have enriched nitrogen values that are
consistent with the 3‰ trophic effect found in sucking animals, which suggests at least some
animals were butchered before they were weened (Balasse and Tresset 2002; Prowse et al. 2008).

Terrestrial animals and maize were an important component of the Postclassic agricultural
economy. The enriched δ13C values for the humans and managed animals indicate they were
consuming a high proportion of C4 plants, most likely maize. The narrow range of δ15N values
across the majority of human samples indicates that most people were consuming a similar
variety of animal protein sources. This range is consistent with trophic-level enrichment from the
consumption of terrestrial animals (~3.4‰) (Hedges and Reynard 2007). The overall faunal
assemblage at Mayapán consisted of ~49% deer and large mammal, ~17% turkey and birds, 10%
iguana, 4% dog, and 20% other species (Masson and Peraza Lope 2014c). Additionally,
archaeological evidence indicates that the population managed (i.e. household pens) and
slaughtered animals for consumption and sacrifice throughout the settlement. Despite the large
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proportion of C3 animal protein sources from deer and non-managed animals, the human δ13C and
δ15N values suggest maize and C4-enriched animal proteins were heavily incorporated into the
diet. Specifically, the variation between faunal samples suggests different animals were obtaining
their plant protein sources from different feeding regimes. The results support a subsistence
system of wild animals and tended/domesticated animals. The substantial proportion of the
terrestrial herbivores in the sample were likely butchered after the age of weening. The
abundance of white-tail deer and turkey remains at Mayapán suggest these animals were staples.
This pattern is likely associated with the management of dogs and turkey as stable food resources.
The majority of the turkey samples and all of the dog samples have similar δ13C and δ15N values
to the human diet indicating that these animals were likely consuming the same high C4 foods or
at least foraging on garbage left around households.

Isotopic homogeneity across temporal periods

Overall, all periods have very similar isotopic profiles that are consistent with the consumption of
C4 foods and terrestrial animals (Figure 3-11). The abundance of faunal species, evidence for
household surplus production and storage, animal pens, and the general lack of evidence
supporting intensive bone marrow grease extraction suggest relatively low levels of dietary stress
in the city (Masson and Peraza Lope 2008, 2013, 2014c; Kennett et al. 2016; Ledogar 2018).
Additionally, although the sample sizes during the Early Postclassic Period (n = 11) and Terminal
Classic Periods (n = 4) are smaller than the later periods, the data prior to founding of Mayapán
suggest people consumed diets high in C4 plant and terrestrial animals.
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Figure 3-10. Scatter plot displaying the Mayapán faunal results from the stable carbon and
nitrogen isotope analysis compared to the total human results (n=191).
Inter-community comparisons

The range of δ13C values is consistent with diets high in C4 foods (e.g. maize) and terrestrial
animals (Kennett et al. 2016; Somerville et al. 2013). The δ13C values indicate that C4 plants were
a dominant part of the Mayapán diet. This indicates that individuals with δ13C values outside this
range were consuming more or less maize than the population average. Though the δ15N range is
consistent with trophic-level effects in the diet (~3.4‰), 95 samples fall within the interquartile
range (8.5‰ to 9.3‰ between the 25th and 75th percentiles) and 78% of the samples (n=149) have
a δ15N value within 1 standard deviation (0.76‰) of the means. The samples with δ15N values
above the 90th percentile (>9.8‰) may be consuming more terrestrial or marine foods compared
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with the population. This suggests a small portion of the Mayapán population may have had
access to foods that resulted in more enriched dietary profile. Based on the comparisons between
the status groups, we observed greater homogeneity in the diets of the commoner (n=54) and elite
(n=58) burials (Figure 3-11). The homogeneity in the diet implies that commoners and elites were
consuming diets high in C4 foods. In contrast, the casualties/victims (n=65) have mean δ13C that
are slightly more enriched in C4 foods than commoners and elites. Figure 3-11 displays the
carbon isotopic profile for each burial context (structure) at Mayapán. While the sample sizes are
not equal between each context, hall Q.97, shrine Q.140, and Q.162 (mass burial 3) have more
enriched carbon values. The dietary profile indicates these individuals had diets high in C4 foods
likely indicating the consumption of foreign diets compared to Mayapán. This is in contrast to the
individuals from the temple Q.95 sacrificial burial shaft. The average is nearly identical to the
mean found in the population, but the higher variability and more depleted values suggest many
of these individuals were consuming more C3 foods.
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Figure 3-11. Regional comparisons of carbon isotope values within the burial population at
Mayapán (n=187).
Table 3-4 displays the results from the socioeconomic status grouped by temporal category.
Casualties exhibited more variation in the diet than elites and commoners, specifically during the
EMP and LMP. The majority of casualties during the EMP and LMP may have been victims of
raiding or military campaigns into foreign regions, possibly to environmental zones with similar
dietary profiles. In contrast, the MMP casualties diets are indistinguishable from elite and
commoner diets at Mayapán suggesting the mortuary populations during this period were
accessing similar food supply networks. While we cannot rule out warfare with foreign
communities with dietary profiles similar to Mayapán, the ubiquity of the MMP diet across the
mortuary population is consistent with archaeological data that indicates factional conflicts
plagued the city during this time (Paris et al. 2017). The contemporary AMS radiocarbon dates of
casualties within mass graves suggests violent conflicts happened episodically and did not occur
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over long periods of time that would impact the subsistence economy (Kennett et al. in
preparation). The urban economy remained stable for 300 hundred years and was resilient to
internal and external conflicts.

Regional comparisons in the Maya lowlands

One focus of this study was to address the impact of urbanization and access to food supply
systems within the community. In the previous section, we show that the Mayapán diet remained
consistent and ubiquitous between the elite and commoner contexts beginning in the early
Postclassic Period, while the casualty mortuary contexts exhibit higher δ13C values during the
EMP and the LMP. While Somerville and colleagues (2013) attributed dietary heterogeneity
within southern lowland sites to socioeconomic complexity between high status and low status
food pathways, the Mayapán diet exhibits a pattern of homogeneity across the mortuary
population despite socioeconomic burial status. In order to address the uniqueness of the
Mayapán subsistence economy, we compared stable isotope data from various urban contexts and
settlements across the Maya region (Figure 3-12a and b, Table 3-5, Appendix D). We aggregated
isotopic data to compare the variation within the Mayapán diet to sites across the Maya region.
Statistical comparisons between Maya sites were restricted to sample sizes over 10 individuals or
aggregated based on regional or temporal associations based on sampling distributions across the
Maya lowlands (see Somerville et al. 2013). We monitored the relationship between observations
using a sample corrected effect size statistic (Hedges’ g; (Winkler and Hays 1975)).

Dietary differences between the northern lowland contexts during the Classic and Postclassic
Periods seem to be related to settlement location: Coastal Xcambo (77 km north of Mayapán) and
inland Yaxuna (82 km east of Mayapán). The Mayapán diet was significantly different from the
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coastal port of Xcambo (Mann-Whitney U test: δ13C, Z = -4.595, p < 0.001, Hedges’ g = 0.663;
δ15N, Z = -4.448, p < 0.001, Hedges’ g = 2.52). The Xcambo diet exhibited significantly higher
means in both δ13C and δ15N values suggesting the subsistence economy integrated more marine
foods, but the lack of a significant correlation between δ13C and δ15N values indicates that maize
agriculture and terrestrial resources likely remained an important component at the coastal
settlement (r2= 0.009, p = 0.763). The Yaxuna diet had similar means for δ13C values and
significantly lower means for δ15N values (Mann-Whitney U test: δ13C, Z = -0.899, p = 0.369,
Hedges’ g = 0.101; δ15N, Z = -4.565, p < 0.001, Hedges’ g = 1.053). This dietary pattern could be
related to similarities in terrestrial subsistence economies in the central northern lowlands,
however, the decreased δ15N values at Yaxuna suggests the diet did not incorporate the same
proportions of terrestrial animal, maize fed animals, and/or marine products across the population
compared to Mayapán. After the removal of a single outlier, the Yaxuna data shows no
correlation between δ13C and δ15N values (r2 = 0.072, p = 0.195). Based on lower δ15N values in
Early Classic royal burial contexts, Tiesler and colleagues (2017) posit that these elite burials
were accessing a different food supply system than Late Classic and Terminal Classic contexts.
Yaxuna is more centrally located in the northern Yucatan than Mayapán and perishable marine
and coastal foods may not have been traded as much due to travel distances from the coast.
Additionally, it is possible that competition between Late Classic and Terminal Classic urban
capitals (e.g. Chichen Itza and Coba) impacted animal management and trade during this period
resulting in less animal products at the site (Tiesler et al. 2017). Additional research is needed to
understand the relationship between dietary isotopes and urban capitals in the northern lowlands
during the Classic Period.

The isotopic profiles at Xcambo and Yaxuna suggest the subsistence economies were related to
spatial location and habitat. The lack of correlation between δ13C and δ15N values suggests the
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contribution of food resources were not due to trophic effects at each location and indicate that
the diets were similar within each settlement. The weak positive correlation found in the
Mayapán data suggests 22% of the total variation in the sample is related to trophic differences in
the Mayapán diet (R2 = 0.227, p < 0.001). This points to increased access to wild animals, C4-fed
animals, and/or marine resources within the urban economy at Mayapán or the immigration of
people from habitats with a higher proportion of C4 foods in the diet. The overall isotopic
variability in the Mayapán diet was also more diverse than coastal Xcambo and inland Yaxuna.
One explanation for this difference could be related to Postclassic urbanization and the
aggregation of multiple communities from across the Yucatan (Hare, Masson, and Peraza Lope
2014). George et al. (in preparation) argues that the strontium values support consistent
population aggregation from local and regional territories across the northern Yucatan. People
who moved from various territories into the urban landscape may have used different supply
networks that could result in a higher diversity of available foods within Mayapán or to exchange
within markets. Although the sample sizes are not equal across the sites, these results imply that
there are spatial and temporal differences in the subsistence economies across the northern
Yucatan Peninsula.

Broader comparisons of δ13C and δ15N isotopes between Maya settlements indicates that there
was considerable variation across the Maya region (Figure 3-12). Statistical differences are found
between Mayapán and coastal sites indicating coastal residents were consuming more C4 enriched
foods. This included a greater contribution of marine fish than residents at Mayapán (Table 3-6).
While there is some overlap between the coastal diets and Mayapán distributions, the low average
nitrogen values within the Mayapán data suggests marine foods were only a minor component of
the diet. Comparisons with more inland urban centers and settlements across the Maya region
indicates that the Mayapán diet exhibits a similar pattern in δ13C and δ15N values. In contrast, the
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remaining sites differed in δ13C values and at nearly every site has significant differences in δ15N
values compared to Mayapán. Most of the sites have more variable dietary profiles than
Mayapán, which is evident in larger standard deviations supported with medium and large effect
sizes. The regional and temporal variability at the sites suggests more heterogeneous dietary
sources of plant and animal protein were integrated into the diets at Classic sites in the Central
Maya lowlands. Although the sample size is larger at Mayapán, the narrow range of intra-site
variation in both the δ13C and δ15N values suggests the population was consuming a more
homogeneous diet than at other sites.

Conclusion

In this paper we posed questions that contribute to the wider breadth of isotopic studies focused
on the relationship between diet, status, and urbanization in the Maya region, specifically during
the formation and decline of an urban Maya capital. The stable isotope results from this analysis
demonstrate that the Mayapán diet emphasized C4 plants (e.g. maize) and animals. Total
variability in δ13C values across the population indicates a substantial contribution from C3 plants
and animals (e.g. deer) and a minor contribution from marine resources. The isotopic results from
the terrestrial faunal samples lend credence to the dynamic animal husbandry, live gamemanagement, and hunting practices at the city. The integration of live animals into the urban
economy provided a sustainable resource of meat and fowl that added a level of food security to
the population during periods of stress and generated surpluses to trade and exchange within the
urban economy. Although many regional capitals and settlements across the Maya lowlands have
broadly similar isotopic profiles, many Classic sites have socioeconomic dynamics that resulted
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Figure 3-12. Box plot comparison of δ13C (a) and δ15N (b) isotopic variation between Mayapán (red), coastal sites (blue), and mainland sites
(gray) across the Maya region. The center line represents the median, the upper and lower quartiles correspond to the 25th and 75th percentiles,
and the whiskers extend to the 5th and 95th percentiles. * represent values outside these limits. The dashed line represents the Mayapán
average.
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Table 3-6. Results of a Mann-Whitney U test comparing Mayapán to Classic through Postclassic
Period urban centers and settlements in the Maya region (n > 10). Corrected effect size (Hedges’
g) was used to standardize differences between sites (percentage of overlap): small effect = 0.2,
medium effect = 0.5, large = 0.8.
13
15
δ C
δ N
Site
%
%
N
Z
p value g
Z
p value g
overlap
overlap
Vs Mayapan
Northern Lowlands
Yucatan, Mexico
Yaxuna
25 -0.899 0.369 0.103
96
-4.565 0.000 1.000
61
Xcambo
12 -4.595 0.000 1.778
40
-4.448 0.000 2.433
23
Southern Lowlands
Belize
Chau Hiix
29 -2.365 0.018 1.104
58
-7.145 0.000 2.213
27
Altun Ha
53 -6.694 0.000 1.755
40
-9.754 0.000 2.188
26
Minanha
24 -3.617 0.000 1.278
55
-0.569 0.569 0.125
96
Pacitun
20 -2.098 0.036 0.788
68
-1.236 0.217 0.250
92
Cahal Pech
44 -5.202 0.000 1.315
51
-0.182 0.856 0.225
92
Barton Ramie
32 -5.471 0.000 1.522
45
-0.416 0.677 0.132
95
Belize Coastal
Marco Gonzalez
22 -6.707 0.000 2.462
23
-5.724 0.000 2.004
31
San Pedro
44 -9.299 0.000 2.805
16
-7.479 0.000 1.547
45
Chac Balam
18 -3.622 0.000 1.349
51
-6.886 0.000 3.437
10
Peten, Guatemala
Dos Pilas
31 -3.313 0.001 0.538
80
-4.691 0.000 1.155
58
Altar de Sacrificios
51 -2.585
0.01 0.206
92
-2.306 0.021 0.237
92
Seibal
53 -1.309 0.191 0.106
96
-4.35 0.000 0.729
73
Holmul
13 -1.26
0.208 0.215
92
-1.478 0.139 0.375
85
Honduras
Copan
30 -1.597
0.11 0.438
85
-5.162 0.000 1.106
58
Southern Highlands
Guatemala
a
Iximché
43 12.080a 0.000 2.039
31
50
7.966 0.000 1.345
a
Summary data only (Tykot 2002); Original data unavailable in the ProQuest

in different isotopic profiles for elites and commoners. This pattern was not identified in the diets
of Mayapán burials and suggests elites and commoners accessed similar food supply systems.
While previous studies during the Classic Period identified socioeconomic differences in food
supply networks between high-status and low-status components of society, the results from
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Mayapán do not conform to this pattern of stratified access to different plant and animal foods.
Mayapán’s urban population exhibited continuity in the diet despite socioeconomic membership
within high-status (elite) or lower-status (commoner) burials. Although food production and
exchange systems were diverse within the city, the temporal uniformity of diet within the
community suggests residents had access to similar foods and networks during all periods. This
pattern was sustained from the establishment of the city (1200-1250 CE) until the disintegration
of the community in the mid-15th century. The lack of temporal variation suggests urban residents
likely exchanged resources within the community while also accessing foreign foods that were
imported and redistributed through the markets at Mayapán. The temporal stability in the diet was
unexpected due to the assumption that urban communities may rely on monocropping strategies
and/or imports to support the growing resident population or shift due to increased immigration
and out-migration. Interestingly, while δ13C and δ15N results indicate similar access to foods
between elite and commoner groups, we found significant differences in the diets of casualties
during the founding period (1200-1250 CE) and when it was in decline (1400-1500 CE), but the
diets were statistically indistinguishable during the apogee (1250-1400 CE). The temporal trends
among casualty groups indicate that the majority of the early and late period casualties were
consuming more C4 foods than the Mayapán residents One scenario suggests they may have been
captured during raids or military campaigns with communities that relied on more specialized
subsistence economies, alternatively, they were foreign residents in the city that were targeted
during periods of unrest. During the apogee period, more casualties exhibited similar dietary
profiles as the resident population suggesting that they were casualties resulting from increased
societal instability and violent conflicts between residents during the 13th and 14th century or from
a community that relied on a similar subsistence economy as Mayapán.
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Chapter Four

Ancient mitogenomic analysis provides insight into the population history of a late
Postclassic Maya City.
Richard J. George, Stanley Serafin, Carlos Peraza Lope, Marilyn Masson, Eunice Uc González, Douglas
J. Kennett, George Perry
Ancient DNA (aDNA) data provide a genetic perspective into the population history of prehistoric
communities and are often used to reconstruct the origins and relationships between populations. During
the Postclassic Period (1000-1541 CE) in the northern Maya lowlands, evidence suggests that largescale demographic and economic transitions shaped population dynamics across the broader Maya
region. After the demise of Terminal Classic Period centers (800-1000 CE), the population at the urban
capital of Mayapán (1100-1450 CE) represented the last large concentration of people (~15,000-17,000)
in the Maya region prior to Spanish colonization. Retrospective ethnohistoric documents and
archaeological data support the aggregation and coalescence of multiple ethnopolitical lineages from
across the Yucatan Peninsula into a highly nucleated urban environment. In this study, we explore
maternal genetic diversity at the city and examine potential continuities in population structure at this
important center. We assembled 23 complete and near-complete mitogenomes with dates spanning the
capital’s founding (Early Mayapán Period; 1200-1250 CE; n=3), the apogee (Middle Mayapán Period;
1250-1400 CE; n=14), and demise (Late Mayapán Period; 1400-1500 CE; n=4). Our sample was
derived from burial contexts in the monumental center and the Itzmal Chen burial group, and mainly
represent the high-status individuals or mass burials. Our analysis reveals that the maternal genetic
diversity was high in our sample with 22 unique haplotypes. Though we only identified a single shared
identical haplotype within a single burial context (Q-88c), we found a high frequency of similar
haplotypes within the A2 and C1clades. We found eight A2 and two C1 haplogroup subclades in 15 burial
contexts in the monumental core while only A2 haplotypes were found in contexts outside the monumental
center.
Due to the lack of comparable ancient mitogenome datasets in the Maya region, we compared our
ancient sample, representing multiple temporal periods, to datasets derived from three different genetic
resolutions in the Maya region: 1) three modern Maya mitogenome population samples (n=35), 2) 12
modern Maya and Mexican mtDNA control region population samples (n=665), and 3) all available
ancient Classic and Postclassic Period Maya mtDNA hypervariable region sequences assigned to
haplogroups A2 and C1 (n=33). Though we did not find shared identical mitogenomes and mtDNA
control region data between the ancient and modern individuals, our results suggest the Mayapán sample
shares a high level of genetic variation comparable to the non-related modern Maya population samples.
Additionally, our ancient sample shares high genetic similarity with Maya reference groups in northern
Chiapas, Campeche, and central Guatemala. We suggest that the Mayapán individuals share a wide
range of genetic affinities with many A2 Classic and Postclassic Period haplogroups and a lack of shared
B2, C1, and D1 haplogroups. Given the high haplotype diversity in our sample and similarities with
select modern Maya groups, we suggest that the Mayapán maternal lineages could have connections with
multiple ancient populations in the Maya region. We argue that the high genetic diversity in the ancient
burial sample supports the hypothesis that the population at Mayapán resulted from high genetic
exchange with multiple neighboring Maya communities.
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Ancient DNA (aDNA) data contribute new insights into our understanding of prehistoric communities
through an assessment of the genetic relationships within and between populations. Advances in NextGeneration sequencing (NGS) platforms offer the ability to reliably sequence and assemble highresolution ancient genomes from poorly preserved burial remains recovered in tropical environments
(Barbieri et al. 2017; Morales-Arce et al. 2017; Nieves‐Colón et al. 2018). The application of NGS
analysis has helped to bridge multiple disciplines and evaluate hypotheses developed through
archaeological, historical, and genetic research. Genomic studies focused in Mesoamerica support a
demographic scenario indicating regional differentiation between ethnic populations categorized by
geographic stratification, demographic growth, and episodes of genetic exchange (Moreno-Estrada et al.
2014; Livi‐Bacci 2006). Broad patterns of regional homogeneity within Mesoamerican populations are
associated with demographic expansions in prehistoric populations (e.g., Maya, Otomi, and Aztec) that
are generally associated with the development and spread of agriculture (Gorostiza et al. 2012; GonzálezMartín et al. 2015). Although mitochondrial control region studies focused on native Maya populations in
Mexico and Guatemala report homogeneity and shared genetic affinities among Maya populations, the
high haplotype diversity detected in modern populations and low levels of haplotype sharing is likely the
result of periods of isolation and demographic expansions (González-Martín et al. 2015; Söchtig et al.
2015). Recent high-resolution mitogenome analyses of more remote Maya groups indicate that Maya
groups and their neighbors share similar haplotypes, but the lack of shared identical maternal lineages
between population samples currently suggest no maternal geneflow between the regions studied
(Mizuno, Wang, et al. 2017; Mizuno et al. 2014; Söchtig et al. 2015).

The genetic history of the Maya region is complex and researchers have mainly focused on modern
populations impacted by Spanish colonialism and the last ~500-year influx of outside populations
contributing to modern genetic diversity (Gorostiza et al. 2012; Söchtig et al. 2015; Hellenthal et al.
2014), leaving the pre-colonial population history understudied. Ancient genetic studies have mainly used
short segments of the mitochondrial hypervariable region to identify the distribution of Native American
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haplogroups in the Maya region (González‐Oliver et al. 2001; Merriwether et al. 1997; Ochoa-Lugo et al.
2016; Verdugo et al. 2017). These approaches are generally limited to haplogroup or sub-haplogroup
frequencies and do not provide a high enough resolution to understand the relationships between
populations and among individuals. Furthermore, ancient Maya communities are often described through
a cyclical process of population aggregation and cultural reorganization to help explain the development,
growth, and decline of large centralized polities and urban centers (Marcus 2008, 2012). This hypothesis
posits that as populations grow, political management strategies become more centralized until
demographic and economic collapse lead to local and/or regional abandonment and the reorganization of
populations into autonomous smaller communities. Ancient genetic data have not yet been considered in
the model to help evaluate the demographic impacts of political cycling on prehistoric population
movements and migrations. Here, we explore the maternal uniparental mode of inheritance to reconstruct
the population history at the Postclassic urban capital of Mayapán using complete mitochondrial genomes
(mitogenomes).

The rich archaeological and ethnohistoric records at Mayapán suggest the population was derived from
multiple ethno-political factions and communities from across the Yucatan Peninsula and Maya lowlands
who participated in a confederation (multepal) during the Postclassic Period (1150-1450 CE) (Masson
and Peraza Lope 2014a). After the demise of Terminal Classic Period capitals and urban centers (e.g.
Uxmal and Chichen Itza) in the northern Maya lowlands, the Mayapán settlement quickly developed into
a walled, highly nucleated fortified city with population estimates ranging between 15,000-17,000 people
at the apogee (Russell 2008; Hare, Masson, and Peraza Lope 2014; Russell 2013; Smith 1962; Hoggarth
et al. 2016; Peraza Lope et al. 2006). Researchers highlight the cosmopolitan features of the cityscape that
suggest connections across Mesoamerica, however, the vast majority of houselots are associated with
features found across the northern Maya lowlands (Brown 1999; Hare, Masson, and Russell 2014).
Ethno-political factions within the confederation presumably presided over a wide political and economic
domain in the northern Yucatan Peninsula. Colonial documents state that administrators and nobles
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resettled members of their home communities and allies from the hinterland communities into the
neighborhood districts (Tozzer 1941:62-64; Hare, Masson, and Peraza Lope 2014). Though the material
culture found across Yucatán communities was not highly distinctive (Masson and Peraza Lope 2010),
spatial-density modeling of the urban landscape suggests generally closer connections within the features
of each residential zone and neighborhood than between them, and may indicate the existence of
administrative self-organizing subunits (Hare and Masson 2012).

Retrospective historical accounts recorded over 100 years after the abandonment of the city have been
used to describe the major political entities and events that impacted the population, the origins of the
elite/noble families in the city, and colonial narratives of elite connections to the city (Tozzer 1941; Roys
1962). After the founding of Mayapán, the city became the political and administrative center of the
Mayapán polity and presided over communities across the northern Maya lowlands over the next three
centuries until political unrest and warfare led to societal instability and abandonment of the city. Though
the Mayapán polity waged war and raids against external rival communities (Masson et al. 2014; Serafin
et al. 2014), the high degree of internal violence, massacres, and ethnohistoric narratives of in- and outmigrations from the city (e.g. Xiu, Cupul, and Kowoj) suggests potential instability in its demographic
structure. Katun-cycle chronologies and radiocarbon dates from burned structures and human burials have
been used to determine major events in the inter-political relationships over the course of three centuries
(Tozzer 1941; Kennett et al. 2016; Masson and Peraza Lope 2014a; Milbrath and Peraza Lope 2003;
Peraza Lope et al. 2006; Pollock et al. 1962; Ringle and Bey III 2001; Restall 2018). Overall
archaeological and historic accounts are used to depict periods of prosperity, construction events, ethnopolitical founding events, household merchantile enterprise, local and regional interaction, trade, warfare,
and episodic conflict between major factions that occurred in the city.

Our analysis provides a new perspective on the population history and genetic relationships between
burial contexts at Mayapán during the Postclassic Period. As a large cosmopolitan urban capital, it is
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assumed that local and regional immigration were likely major drivers in the growth of the population
(George in preparation; Chapter 2). Under this scenario, Mayapán’s mitogenome diversity may represent
regional enclaves of resettled communities or family units. These communities may have been influenced
by differences in population history, size, ecology, local and regional endogamy, and kinship structure
that may result in high genetic diversity and genetic differentiation within the burial sample. A recent
study of modern indigenous Maya mtDNA control region sequences from unrelated individuals found
high genetic diversity within each Maya population and significant differences between Yucatan Maya
groups and Maya groups in Chiapas (n=151; (González-Martín et al. 2015)). A similar study in
Guatemala also reported high genetic diversity in three native Maya groups (n=109, (Söchtig et al.
2015)). The presence of shared identical mitogenomes between burials indicates maternal geneflow while
shared sub-haplogroups suggests high levels of genetic similarity. While many factors can drive the
genetic structure of the population, the impact of demographic transitions between political factions,
migration, violence and warfare remains unknown. Ancient genetic studies have helped to revise
population-based scenarios regarding the genetic structures of demographic patterns, migration history,
kinship relationships, and prehistoric population histories in the Americas (Barbieri et al. 2017; Kennett,
Plog, et al. 2017; Llamas et al. 2016; Handt et al. 1996; Pääbo et al. 2004).

Strontium isotopic evidence from tooth enamel indicates similar patterns of population aggregation across
all temporal periods, originating from local communities near Mayapán and non-local regional
communities throughout the Northern and non-local foreign communities in the Central Yucatan
beginning in the 12th century. People from non-local Northern and Central Yucatan locations were
continually recruited to the urban capital from affiliated town and communities until the decline of
Mayapán in 15th century (George in preparation; Chapter 2). The strontium data support the hypothesis
that Mayapán was a cosmopolitan urban center that continuously attracted multiple ethno-political groups
to the community as the city expanded. We explore the mitogenomic structure of a sample of the
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population to gain additional insights into the population structure of this important Postclassic Period
Maya community.

Genetic History of Mesoamerica and the Maya Region

Prior to European contact at the end of the 15th century, the diverse ethnic and linguistic populations
across Mesoamerica had experienced centuries of demographic change, which included the initial
colonization and subsequent dispersals of people, periods of isolation, independent migrations, population
growth, episodic aggregation, urbanization, and decline (Chase et al. 2014; Cowgill 2012; Kennett and
Marwan 2015; Marcus 2012, 2008). Despite the radical demographic collapse after Spanish colonization,
and the potential loss of genetic diversity, modern indigenous Mesoamerican groups exhibit a pattern of
high genetic diversity and differentiation that reflects a complex demographic history of isolation and
genetic drift (Livi‐Bacci 2006; Moreno-Estrada et al. 2014). Although many studies have examined the
genetic structure of modern indigenous populations, the expansion and collapse of prehistoric and historic
populations have complicated our understanding of the relationships between ancient populations
(Barbieri et al. 2017; O’Fallon and Fehren-Schmitz 2011). Moreover, the catastrophic declines in Native
American populations that coincided with European colonization may have reduced the effective size of
the female population as much as 50% leading to the stochastic loss of many prehistoric maternal lineages
and fixation in others during the historic period (i.e. drift; (O’Fallon and Fehren-Schmitz 2011).
Therefore, the genetic diversity found in modern populations is potentially derived from a number of
factors including genetic bottlenecks and refuge migrations caused by the catastrophic demographic
change after European colonization (Livi‐Bacci 2006; O’ROURKE et al. 2000).

The complex genomic history of indigenous populations in Mesoamerica stems from the dispersal of
small genetically homogeneous groups migrating from Asia to the Americas by at least 14,600 bp and
geographic isolation after climatic events closed the Beringia migration route to the Americas (Moreno151

Mayar et al. 2018; Posth et al. 2018; Scheib et al. 2018). Previous studies indicate the modern
intercontinental population structure of the Americas is derived from subsequent southward migrations
and regional demographic expansions with low levels of gene flow between populations as the continents
were settled over several centuries (Posth et al. 2018). Although Native American populations have
comparably lower genetic diversity than world-wide populations, the high divergence among
subpopulations in the Americas indicates that regional populations were influenced by geographic
stratification, periods of isolation, genetic drift, and demographic growth and collapse (Moreno-Estrada et
al. 2014; Reich et al. 2012; Yang et al. 2010). The analysis of uniparental genetic inheritance
(mitochondrial DNA and Y-chromosome sequence data) indicates that all indigenous populations in the
Americas share genetic affinities that can be traced back to these founding groups. Recent advances in
complete ancient genome research have increased the resolution of population movements in the
Americas and our understanding of ancient genetic diversity. Results from multiple studies have
identified various temporal migrations that developed stronger population continuities between ancient
and modern populations while also discovering discontinuities between different ancient populations
(Lindo et al. 2018; Moreno-Mayar et al. 2018; Posth et al. 2018).

Mitochondrial haplogroup distributions in the Americas

The initial genetic studies on the population structure of the Americas, using short partial segments of the
hypervariable region (HVRI and/or HVRII) of the mitochondrial genome, found evidence that all
indigenous American populations can be traced to five founding matrilineal haplogroups (e.g. A, B, C, D,
and X) (Bandelt et al. 2003; Forster et al. 1996; Malhi et al. 2003; Schurr and Sherry 2004; Schurr et al.
1990; Torroni et al. 1993). Subsequent modern and ancient mtDNA studies confirmed these results with
longer segments and diagnostic positions in the control region (CR; (Schurr et al. 1990; Torroni et al.
1993; Forster et al. 1996).
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The integration of higher-resolution complete mtDNA genomes (mitogenomes) has increased the
analytical depth and have created more detailed reconstructions of the complex population histories
following the dispersion of founding populations and the subsequent regional population differentiation
across the American continents (Achilli et al. 2013; Ingman et al. 2000; Mishmar et al. 2003; Mizuno et
al. 2014; Fagundes et al. 2008; Kumar et al. 2011; Tamm et al. 2007; Kivisild et al. 2006). Higher
resolution mitogenomic work has also increased the interpretive depth of mitochondrial lineages across
the Americas (“Pan-American” founding lineages) and reclassified the maternal lineage and identified
haplogroups A2, B2, C1b, C1c, C1d, C1d1, D1, D4h3a (Fagundes et al. 2008; Perego et al. 2009;
Sandoval et al. 2009). Additional studies have refined this further and identified at least 15 founding
subhaplogroups within the five major haplogroups that are present in modern populations (haplogroups
A2, A2a, A2b, B2, C1b, C1c, C1d, C1d1, C4, D1, D2a, D3, D4h3a, X2g, X2a; (Achilli et al. 2008, 2013;
Bodner et al. 2012; Perego et al. 2010; Tamm et al. 2007; Mizuno et al. 2014)). Of these lineages, seven
haplogroups are generally restricted to North American populations (A2a, A2b, C4c, D2a, D3, D4e1,
X2a, X2g) (Kashani et al. 2012; Kumar et al. 2011; Mizuno et al. 2014; Perego et al. 2009; Schurr and
Sherry 2004). Haplogroups A2a, A2b, D2a and D3 are mainly found in the arctic and subarctic regions
that are associated later arrivals in the Americas (Achilli et al. 2013; Gilbert et al. 2008) while
haplogroups C4c and X2a are rare Pan-American lineages associated with alternative migration routes
resulting in unique distributions in South America and the northeastern regions of North America
respectively (Tamm et al. 2007; Perego et al. 2009; O’Rourke and Raff 2010; Kashani et al. 2012).
Mitogenome research in South America has identified biogeographic haplogroups that are generally
found at higher frequencies restricted to the Chile and Argentina (D1g, D1j) (Bodner et al. 2012; de Saint
Pierre 2017). Subsequent demic expansions and population movements since the initial colonization of
the Americas have shaped the population structure and substructures found in indigenous extant
populations, however, less is known about the substructure dynamics and changes during prehistory.
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Archival mtDNA reference databases (e.g. GenBank, PhyloTreemt, and EMPOP) have documented over
200 indigenous modern and ancient subclades (haplotypes) within the founding maternal lineages in the
Americas (Van Oven and Kayser 2009; Parson and Dür 2007; Clark et al. 2016). Many of the
investigations that contributed reference data to Phylotree and EMPOP concentrated on haplogroup
refinements within the phylogeny rather than regional population-based studies. As the number of
genomic studies increases in the Americas, we gain a better understanding of the local population
histories and demographic events.

Mitochondrial DNA studies in Mesoamerica

Modern mtDNA studies of Mesoamerican populations have revealed that indigenous groups exhibit
variable frequencies of the major maternal lineages and subclades (A2, B2, C1, D1 and D4; excluding
X2a; (González-Martín et al. 2015; Gorostiza et al. 2012; Mizuno et al. 2014; Sandoval et al. 2009)). The
genetic substructure of indigenous Mexican populations is characterized into three biogeographic
components: Northern, Central, and Southern (Gorostiza et al. 2012; Moreno-Estrada et al. 2014). The
geographic distributions of Mesoamerican haplogroups correlates broadly with longitude and latitude that
is attributed to an evolutionary scenario structured by geography and genetic drift (Gorostiza et al. 2012).
High frequencies of haplogroups B2 and C1 are found in northern Mesoamerica and decrease in
frequency with latitude towards Central America. Haplogroup A2 shows the reverse trend while also
increasing in frequency with longitude and Haplogroup D is only present in low frequencies across
modern Mesoamerica groups (Gorostiza et al. 2012). The matrilineal population structure does not closely
correlate with indigenous language groups suggesting that matrilineal divergence likely predates
linguistic diversification and the rapid expansion of prehistoric populations (Kemp et al. 2010; Sandoval
et al. 2009). While many of the same haplogroups are shared across Mesoamerica (e.g. A2 and C1),
unique concentrations of sub-haplogroups (i.e. highly similar haplotypes) and haplotypes within each
region suggest founding populations (Mizuno et al. 2014; Sandoval et al. 2009) and population growth,
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prehistoric urbanization, and migration (Söchtig et al. 2015). Aztec imperialism has been attributed to
shifts in population dynamics, population movements, and genetic diversification in Central Mexico to
account for differences in pre- and post-Aztec haplogroup frequencies (Mata‐Míguez et al. 2012).

Ancient and Modern Populations in the Maya Region

Ancient mitochondrial studies have identified A2 as the dominant haplogroup found throughout southern
Mexico and Guatemala with some regional variation in the frequencies of B2, C1, and D1 (Table 4-1).
Modern studies confirm that the A2 haplogroup is the most dominant maternal lineage in the Maya
region, and B2, C1, and D1 haplogroups are found to occur at lower frequency suggesting relatively
stationary demographic events (Söchtig et al. 2015; Justice 2011; Sandoval et al. 2009). A recent study of
unrelated modern native Maya mtDNA control region sequences found high genetic diversity within
Maya populations and significant differences among Yucatan Maya groups (n=3) and Maya groups in
Chiapas (n=2) (González-Martín et al. 2015). Out of the 66 haplotypes identified in the three Yucatan
Maya groups (n=151), only one identical mtDNA control region haplotype was shared between all three
groups while only four-to-nine haplotypes were shared between any two populations. A similar study in
Guatemala also reported high genetic diversity in three native Maya groups (n=109) (Söchtig et al. 2015).
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Table 4-1. Ancient mitochondrial DNA haplogroup frequencies found across the Maya region and
Mesoamerica.
Site
Maya Region

Date (CE)

n

Haplogroup Frequency (%)
A
B
C
D

Location

References

Northern Yucatan (Quintana Roo)

Chatters et al. 2014*

10772-10960
(BCE)
250-500
600-800
1200-1500
600-800

1

0

0

0

100

2
24
5
3

100
88
60
75

0
4
0
0

0
8
40
25

0
0
0
0

Bonampak

580-800

5

100

0

0

0

Palenque
Copan
Calicanto, Jalapa
Comalcalco

750-800
500-700
700-900
700-900

9
9
1
8

56
0
100
50

0
0
0
0

33
100
0
36

11
0
0
14

Peje Lagarto Huimanguillo

700-900

1

0

0

100

0

Tabasco

Ochoa-Lugo et al. 2016

Tenosique

700-900

7

42

0

38

14

Tabasco

Ochoa-Lugo et al. 2016

San Francisco Mazapa

250-400

10

70

30

0

0

Basin of Mexico

Aguirre-Samudio et al. 2017

San Sebastian Xolalpan

250-400

7

43

43

14

0

Basin of Mexico

Aguirre-Samudio et al. 2017

Tlailotlacan

300-500

8

50

0

0

50

Basin of Mexico

Herrera Salazar, 2007

Teotihuacán (Teopancazco)

300-700

36

58

25

14

3

Basin of Mexico

Aguirre Samudio et al. 2016

La Ventilla

300-700

19

58

16

21

5

Basin of Mexico

Aguirre-Samudio et al. 2017

900-1350
1100-1500
1325
1350-1400
1454–1457

12
9
23
30
38

42
100
65
46
57

42
0
13
37
21

16
0
4
7
7

0
0
18
10
14

Basin of
Basin of
Basin of
Basin of
Basin of

Mexico
Mexico
Mexico
Mexico
Mexico

Morales-Arce et al. 2019
Juárez, 2002
Kemp et al. 2005
Solórzano Navarro 2006
De La Cruz et al. 2008

1350-1519

11

55

18

9

18

Basin of Mexico

Morales-Arce et al. 2019

1240-1350

10

30

30

0

40

Basin of Mexico

Mata-Míguez et al., 2012

Hoyo Negro
Xcambo
Xcaret
El Rey Quintana Roo
Midnight Terror Cave

Northern Yucatan
Ochoa-Lugo et al. 2016
Northern Yucatan (Quintana Roo) González-Oliver et al. 2001
Northern Yucatan (Quintana Roo)
Ochoa-Lugo et al. 2016
Belize
Verdugo et al. 2016
Ochoa-Lugo et al. 2016;
Chiapas
López Armenta, 2007
Chiapas
Ochoa-Lugo et al. 2016
Honduras
Merriwether et al., 1994
Tabasco
Ochoa-Lugo et al. 2016
Tabasco
Ochoa-Lugo et al. 2016

Central Mexico

Cholula
Cholula
Tlatelolco
Tlatelolco
Tlatelolco
Tlatelolco subadult
(sacrificial context)
Xaltocan
(pre-Aztec conquest)
Xaltocan
(post-Aztec conquest)
Tetetzontlilco
Southern Central Mexico
Teposcolula Yucundaa

1400-1541

15

60

20

6

13

Basin of Mexico

Mata-Míguez et al., 2012

1531–1600

30

70

10

17

3

Basin of Mexico

Solórzano Navarro 2006

1544

41

54

24

17

5

Oaxaca

Warinner et al. 2012
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Methods

Bioinformatics, Raw read processing, quality control, and Consensus calling

Mitogenome assembly

Raw single end (SE) and paired end (PE) reads were de-multiplexed and individual fastq files were
created. Raw reads were trimmed for adapters and low-quality stretches of ambiguous bases at the 5’/3’
termini using AdapterRemoval 2.1.7 (Schubert et al. 2016). Paired-end reads were merged and collapsed,
enforcing a minimum overlap of 11-nt, a maximum mis-match rate of 1 and a minimum phred quality
score of 33. Trimmed reads were mapped to the Reconstructed Sapiens Reference Sequence (RSRS;
Behar et al. 2012) using the Burrows-Wheeler Aligner (BWA version 0.7.5, Li and Durbin 2010) with the
seed disabled (-l 16500) to permit higher sensitivity in the alignment and allow for a greater inclusion of
deaminated sequences (Schubert et al. 2012). The mapped BAM alignment files were sorted and filtered
for a minimum mapping quality score of 30 using SAMtools-0.1.19 (Li et al. 2009). Duplicated reads,
including PCR-duplicated reads, were filtered using the SAMtools rmdup command. Read length <30
base pairs were removed to limit error from nonspecific mapping of exogenous DNA fragments (Schubert
et al. 2012). Prior to calling a haplotype consensus sequence, damage-derived patterns were analyzed to
estimate the appropriate masking interval to account for potential errors in the final BAM alignments
(finalBAM). Detailed sequence data is available in Appendix E.

DNA Damage Patterns

Ancient DNA sequence have diagnostic deamination patterns at the 5’ and 3’ ends of the sequence
represented by elevated mismatches on the C-to-T and G-to-A transitions in single stranded overhanging
lengths (Gilbert et al. 2008; Kistler et al. 2017; Rasmussen et al. 2010; Wagner et al. 2020). This
157

diagnostic molecular signature is used to authenticate endogenous sequences in ancient DNA research.
Three approaches were applied to assess the quality and authenticity of the assembled mitogenomes in
this study. Contamination rates were estimated using the Schmutzi package (Renaud et al. 2015). The
Schmutzi package implements sub-programs to calculate the initial deamination rates across all read
fragments in the sample followed by a Bayesian maximum, a posteriori algorithm to re-estimate
mitochondrial contamination levels and discordant positions based on a panel of modern mitogenome
haplotypes, quality scores, and fragment length. MapDamage 2.0 was used to generated nucleotide
misincorporation profiles and to quantify deamination to determine how many bases to hard-mask at the
5’ and 3’ ends of the sequences (Jónsson et al. 2013) (Appendix E). Based on the mean lambda value
from the Bayesian estimation of damage characteristics, the cumulative geometric distribution of damagederived overhangs per sample was determined using the per-base probability of terminating overhang
lengths (Kennett, Plog, et al. 2017; Kistler et al. 2017). To determine the appropriate interval to hard
mask, the cumulative geometric distribution of overhanging lengths encompassing 95% of the inferred
overhangs per lambda was calculated in R statistical environment (R Team Core 2013). All finalBAM
alignments were hard-masked at the 5’ T and 3’ A (5’ thymines and 3’ adenines) positions within the
appropriate interval to reduce damage-derived errors prior to calling a consensus sequence (Appendix E).

FinalBAM

alignments were filtered with PMDtools (PMD score threshold 3) to isolate reads with

postmortem damage (PMD) patterns to identify damage profiles and to further authenticate the ancient
mitogenomes (Skoglund et al. 2014; Appendix F). This approach implements a likelihood model to
estimate if the read originated from an ancient DNA molecule based on postmortem damage patterns
derived from damage substitutions (C-to-T/G-to-A), base quality scores, and biological polymorphisms.
The PMD filtered BAM alignments consist of damage-derived reads at a precise threshold that are
unlikely the result of modern contamination. After trimming 5 nucleotides (nt) from each end,
nonredundant consensus sequences were assembled from the PMD filtered BAM alignments to cross
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validate the haplogroup assignments and identify positions with conflicting or ambiguous positions in the
assembly.

FinalBAM

and PMD filtered consensus sequences were assembled for each sample using the SAMtools

mpileup command and a custom Perl script, enforcing a minimum of 2x nonredundant coverage and 80%
site identity. Prior to assigning a haplotype, we masked a poly-c homologous region (pos. 303-315) and a
poly-AC indel (pos. 518-524) which are prone to sequencing and alignment errors (Van Oven and Kayser
2009). Mitochondrial consensus alignments were aligned to the rCRS (Andrews et al. 1999) using
MAFFT (E-INS-I algorithm for iterative refinement; Katoh and Standley 2013) and manually verified in
Geneious (Kearse et al. 2012). Mitochondrial haplotypes were determined using both HaploGrep 2.0
(Weissensteiner et al. 2016) and HaploFinder (Vianello et al. 2013), and manually verified using
diagnostic positions provided in the PhyloTree Build 17 (Kloss-Brandstätter et al. 2011). FinalBAM and
PMD filtered consensus haplotypes were compared to cross validate the assignment of each haplogroup
(Appendix F).

Mitogenome Assembly

We extracted DNA from 35 burials at Mayapán and a single burial from the nearby Cenote Tza Itza using
high-throughput Illumina DNA approaches (Appendix E). This resulted in the recovery of ancient DNA
from 31 burials with an average depth of coverage between 1.3 and 207-fold across the mitogenome and
175 to 31,245 nonredundant reads per sample. Ancient mitogenome assemblies were grouped into three
categories based on coverage relative to the reference sequence: 23 complete/near-complete (>96%
coverage), 2 partials (>75% coverage), and 6 fragmented (<75% coverage) sequences. Four samples
failed to yield ancient reads and were omitted from the study.
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The quality control assessment of the ancient DNA molecules indicates that 8 mitogenome assemblies
have reduced coverage depth, low mapping quality scores, and/or are missing >15% coverage across the
reference mitogenome. All low coverage assemblies were visually inspected in Geneious (Kearse et al.
2012) for ambiguous positions and compared to PMD filtered reads. These samples were removed from
the mitogenomic analysis, but haplogroup assignments. Comparisons between finalBAM and PMD filtered
BAM consensus sequences did not affect the haplogroup assignment suggesting both sequences were
derived from the same ancient individual (Appendix F). Two individuals were removed (MP016 and
MP018) from the study due to higher than expected levels of contamination and discordance between
finalBAM

and PMD filtered haplogroups.

Population genetics analyses

We assembled three Maya references datasets to evaluate the genetic composition and population
structure at Mayapán. We accumulated mitochondrial sequence data from publicly available sources and
nine unpublished mitogenome sequences from (Mizuno, Wang, et al. 2017) (Appendix G for
confidentiality and non-disclosure agreement). This approach investigates patterns of genetic variation
and population structure at multiple nucleotide (nt) resolutions: 1) mitogenome (16,596 nt), 2)
mitochondrial control region (MT-CR, 1124 nt), and 3) a segment of the mitochondrial hypervariable
region I (HVR-I, 186 nt). Appendix G provide a list of samples included in each analysis.

Mayapán individuals were excluded from statistical and phylogenetic analyses based on sequence
coverage, the absence of haplogroup-diagnostic positions, and/or poor alignment quality. We excluded
MP008 and MP222 from all analyses because of the high number of missing of diagnostic positions in the
PMD filtered consensus haplogroup while MP016 was excluded due to missing diagnostic segments. All
datasets were aligned using MAFFT (E-INS-I algorithm for iterative refinement) and positions were
manually verified in Geneious 8.1.9 software (Kearse et al. 2012, http://www.geneious.com/).
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Mitogenome comparisons

The mitogenome analysis (16,569 nt) included 23 Mayapán individuals and excluded all samples with
less than 5x coverage (i.e. partial ancient sequences). As of this project, there are no large published
ancient mitogenome datasets in Mesoamerica that date to the Preclassic, Classic and Postclassic Periods
(see Mizuno, Kumagai, et al. 2017; Llamas et al. 2016; Morales-Arce et al. 2017; Posth et al. 2018 for
additional information on ancient mitogenomes in Central America). Due to the lack of published
comparative ancient mitogenome datasets, the Mayapán individuals were aligned with 38 modern Maya
mitogenomes from three reference populations and the only published ancient mitogenome in
Mesoamerica (Moon pyramid at Teotihuacan) (Appendix G). We restricted the mitogenome analysis to
population samples in the Maya region to access and describe the genetic relationships between ancient
samples, and to limit the potential biases of excess haplotypes, which are not found in the Maya region.

The modern Maya datasets were derived from nine unrelated individuals from Chiapas, Mexico (Mayan
Ch’ol individuals, (Mizuno, Wang, et al. 2017), 12 unrelated indigenous from central Guatemala (ten
Q’eqchi and two Poqomchi’,(Söchtig et al. 2015)) and 25 unrelated individuals from central Yucatan
Peninsula, Mexico (all Yucatec speakers from Xmaben village) (Lippold et al. 2014). All four major
haplogroups were found in the Xmaben sample. The central Guatemalan individuals were not randomly
sampled and were part of a broader mtDNA control region analysis of indigenous Guatemalan groups to
help improve the resolution of the mtDNA phylogeny within the A2 and B2 Native American
haplogroups, and not individuals from haplogroup C1 (Söchtig et al. 2015:130). The central Yucatan
sample was part of the Human Genome Diversity Cell Line Panel collected by the Human Genome
Diversity Project (HGDP) (Lippold et al. 2014). While the Maya population samples share subhaplogroups, a number of variant positions differentiate the A2 and C1 haplotypes between populations.
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Maximum parsimony trees of ancient and modern A2 and C1 mitogenomes were constructed using the
Haplogrep 2.0 software (Weissensteiner et al. 2016). All polymorphisms are displayed relative to the
rCRS in PhyloTree Build 17 (Van Oven and Kayser 2009). Unpartitioned Bayesian phylogenetic
comparisons between population samples were performed in BEAST 2 enforcing a strict molecular clock
parameter and model parameters (GTR + G + I) with four gamma-distributed rate categories and a
Markov chain Monte Carlo and 10 million generations, with the first 10% discarded as burn-in
(Bouckaert et al. 2014). The substitution model parameters were determined using JModelTest 2.1.7
(Darriba and Posada 2014). Haplotype diversity and nucleotide diversity were calculated using DnaSP 6
(Rozas et al. 2017).

We tested the hypothesis that the Mayapán genetic diversity was significantly different than the Maya
population samples. We determined if the observed differences between each population is greater than
expected by chance using a permutation analysis with p-values generated from 10,000 resampling sets of
combined haplotype frequencies in the R function Genetic_Diversity_Diffs v1.0.6 (Alexander 2017:
Available from https://github.com/laninsky/genetic_diversity_diffs).

To examine differences between temporal periods, a Shannon-Weaver diversity analysis was performed
(Clarke and Warwick 2001). An abundancy matrix was derived at the haplogroup level from the
frequency of haplogroups per period. Diversity indices and dissimilarity measurements were performed
with the vegan community analysis package (Oksanen et al. 2009) in R, version 3.6.1 (R Core Team
2013).

Mitochondrial control region comparisons
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To test the hypothesis that the Mayapán sample shared variation across the wider genetic landscape in the
Maya region, we condensed the ancient mitogenomes to the mitochondrial control region (MT-CR; pos.
16,024 – 576, 1124 nt) to compare our sample with a large modern reference dataset including indigenous
groups from the Maya region and western Mexico (n=668). Though MT-CR sequences are not as finescale mitogenome sequences, haplogroup defining positions in the coding region are often used in
population-based studies to assess variation within the population structure and between different
populations (Gorostiza et al. 2012; González-Martín et al. 2015). The control region represents 1,124 nt
and covers positions 16,024-16,569 (HVR-I) and positions 1-579 (HVR-II) relative to the rCRS (Andrews
et al. 1999). In total, 209 polymorphic sites within the mtDNA control region were used to define ancient
and modern haplogroups and sub-haplogroups. Although we restricted our reference population samples
to mtDNA projects with published data from the hypervariable I and II regions of the mtDNA control
region, we recognize the rich history of genetic studies that have been conducted across the Maya region
and Mexico (Urteaga and Stefani 1994; González-Sobrino et al. 2016; Justice 2011; Wichmann and
Wichmann 1995; Kemp et al. 2010; Peñaloza-Espinosa et al. 2007; Sandoval et al. 2009). Additionally,
we examine potential relationships between modern and ancient population histories from Maya
populations in different regions.

The MT-CR analysis included 23 Mayapán individuals and 665 modern individuals from eight sample
populations in the Maya region (González-Martín et al. 2015; Lippold et al. 2014; Mizuno, Wang, et al.
2017) and three additional population samples from western Mexico (González-Martín et al. 2015)
(González-Martín et al. 2015). Genetic variability and population comparisons were performed using an
Analysis of molecular variance (AMOVA) and p-values calculated by 1,000 permutations in the GenAlex
6.5 software (Smouse 2012). The associations between populations were examined using fixation index
PhiPT values, an Fst analogue calculated from the AMOVA to estimate the relative within-population
genetic differentiation. Levels of genetic differentiation are defined as high (>0.25), moderate (0.15 to
0.25), low (0.15 to 0.05), negligible (<0.05) following the Wright (1978) criterion. A lower PhiPT value
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implies less genetic differentiation while higher PhiPT values indicate that the populations exhibit greater
genetic distance. Though fixation index values from mitochondrial DNA sequences must be interpreted
with caution due to the sex-bias in the inheritance of mtDNA, the values provide useful information on
shared haplogroup and haplotypes between populations (Messina et al. 2018).

Mitochondrial Hypervariable Region I comparisons

To explore genetic affinities (similarities) between the Mayapán and published ancient sequences in the
Maya region, we further condensed the Mayapán data to a 186 nt segment of the mitochondrial
hypervariable region I (HVR-I). The analysis included 23 Mayapán individuals and 32 ancient individual
samples from eight Classic Period archaeological sites (Ochoa-Lugo et al. 2016). Sequences were aligned
and positions with poor alignment quality or missing positions were removed. Phylogenetic network
analysis was performed with POPART (http://popart.otago.ac.nz) using the minimum spanning algorithm.
Ancient individuals from Copan, Midnight Terror Cave, Tipu, and Xcaret were not included in this
analysis due to coverage and data availability.

Results

Mitogenome Lineages at Mayapán

Our analysis successfully assembled complete and near-complete mitogenome sequences for 23 ancient
Maya individuals (22 Mayapán individuals and a single individual from Centote Tza Itza; Table 4-2). The
mean coverage depth is 45x (range: 8-207x) and positions are supported by between 2,634 to 31,242
unique reads (>30 nt) resulting in high net mitogenome coverage between 75%-100% (mean: 98%)
against the reference sequence (RSRS). The average nucleotide diversity (π) for the 23 ancient individuals
is 0.00077 (SD +/- 0.00014) and the average number of nucleotide differences per individual (M) is 12.4
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nucleotides (nt). Each individual mitogenome groups into the macro-haplogroup A2 (83%) or C1 (17%).
Individuals were further assigned to eight different sub-lineages of haplogroup A2 and two sub-lineages
of haplogroup C1 using diagnostic positions observed in the mitochondrial control region: A2 (n=7),
A2ao (n=2), A2ap (n=1), A2b1 (n=1), A2g (n=1), A2m (n=6), A2p (n=1), A2w (n=2), C1c (n=1), and
C1c4 (n=1). We defined individual haplotypes based on 74 variant sites (i.e. diagnostic or private
mutations) across the mitogenome. The mean mitogenome haplotype diversity (Hd) for the 23 Mayapán
sample is 0.984 (SD +/- 0.056).

Phylogenetic trees were created using maximum parsimony and Bayesian approaches to understand the
genetic relationship between ancient individuals. We compared the ancient results to published reference
mitogenomes in the Maya region (Appendix F). Figure 4-1 displays the results from the maximum
parsimony analysis and the distinct positions that define each haplotype. Each ancient individual was
aligned with haplogroup A2 and C1 references and clustered by diagnostic positions. The shared subhaplogroup motifs suggest many of the ancient and modern lineages are closely related despite the lack of
identical haplotypes shared between ancient and modern population samples (e.g. individuals with A2,
A2m, A2p, A2w). Only two Mayapán individuals from Structure Q-88c share identical haplotypes
(MP105 and MP110) while the remaining ancient lineages are distinct and differ from the modern Maya
haplotypes. The presence of close genetic affinities that define the sub-haplogroups indicate that identical
haplotypes are uncommon between the ancient and modern population samples based on our dataset and
are only observed within the individual population samples.
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Table 4-2. Mitogenome coverage statistics and haplogroup assignments.
Lab No.

Burial

Structure

MP007
2
Q-162
MP010
7
Q-162
MP012
8
Q-162
MP014
11
Q-162
MP020
31
Q-72
MP021
32
Q-72
MP047
41
Q-92
MP050
46
Q-93
MP051
47
Q-58
MP058
57
Q-54
MP071
63
Q-99
MP081
CR11
Cenote San Jose
MP092
Dentro de Nicho
Q-162a
MP098
21
Q-79a
MP105
26.1
Q-88c
MP109
26.4
Q-88c
MP110
26.5
Q-88c
MP111
26.12
Q-88c
MP131
4231-1
Q-152
MP209
9 ind 6 Male
R-148
MP222 Zona de Entierros 4044
H-15
MP239
3 ind 5
L-69
TZA1
1
Cenote Tza Itza

Mayapan chronology
Late Mayapan Period
Late Mayapan Period
Late Mayapan Period
Late Mayapan Period
Middle Mayapan Period
Early Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Early Mayapan Period
Middle Mayapan Period
Early Postclassic Period
Middle Mayapan Period
Middle Mayapan Period
Early Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Early Mayapan Period
Late Mayapan Period

Coverage of the Mitogenome
Mean coverage
Coverage
mitogenome
length
Depth per position
S.D.
A2
99.6%
16500
32.7
9.3
A2+(64)
99.7%
16528
43
10.7
A2+(64)
99.8%
16525
32
7.6
A2+(64)
99.8%
16531
51
11.8
A2w
99.8%
16528
72.7
12.1
A2ao
99.7%
16492
18.5
6
C1c
96.0%
15877
13.4
7.67
A2+(64)
99.7%
16515
56
9
A2b1
99.9%
16550
60.8
17.7
A2m
99.9%
16559
68.6
17
C1c4
75.2%
12445
8
4
A2ap
99.9%
16547
59.9
13.4
A2+(64)+153
99.8%
16535
39.5
8.3
A2
99.7%
16510
35
8.8
A2+(64)
100.0%
16562
207
17.6
A2+(64) @16111
99.2%
16432
15.2
5.5
A2+(64)
99.6%
16503
28
8.5
A2
99.8%
16532
29.7
9.4
A2
99.3%
16456
17.4
5.8
A2p
97.4%
16128
28.7
11.3
A2m
80.5%
13330
6.23
3.1
A2w
99.3%
16435
21.8
7.8
A2m
99.9%
16546
93
16
Haplogroup
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Figure 4-1. Maximum parsimony tree of complete ancient Mayapán and modern Maya mitogenome sequences assigned to haplogroup A2. The
Mayapán samples are displayed in green and Central Yucatan samples are displayed in yellow, southeast Mexico are in red, and Central
Guatemala are in blue. Nucleotide substitutions are listed relative to the revised Cambridge reference sequence (rCRS). Suffixes are used to
indicate deletions (‘d’), insertions (e.g. ‘C’) and back mutations (‘@’). No homologous regions (e.g. poly-C) were masked in the phylogeny.
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Although there were only two shared identical haplotypes identified during the Middle Mayapán Period
(apogee), temporal differences in diversity may indicate shifts in the broad patterns of genetic similarities
and differences represented in the population haplogroups. Figure 4-2 displays the results from the
temporal diversity analysis (Jaccard distances). The results suggest that haplogroup diversity was more
similar between the formation (n=6) and apogee (n=14) periods. The formation and apogee burials were
sampled from multiple contexts and suggest that the mitogenome diversity remained consistently high
between the periods. The individuals from the periods associated with the demise of Mayapán (n=4) were
from the same extrafunerary massacre context (Structure Q-162). Despite the high diversity of mtDNA
lineages, the presence of genetic affinities between the individuals found in the Q-88c shrine and the Q162 massacre context (haplotypes A2 and A2+(64)) suggests that these contexts share higher sequence
similarity than between other contexts at Mayapán.

Figure 4-2. Results from the Jaccard’s distance analysis of haplotype diversity.
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We compared the diversity results of the 23 ancient individuals with the three modern Maya mitogenome
population samples (Table 4-3). The observed Hd values do not significantly differ between the ancient
and the total Maya mitogenome reference population samples: Northern Chiapas (1.000), Northern
Yucatan (0.973), and Central Guatemala (0.909). Although the haplotype composition for each population
was heavily skewed by A2 haplotypes, the Mayapán and Chiapas references included haplotypes from C1
while the Northern Yucatan references included haplotypes from A2, B2, C1, and D1 and the Central
Guatemala references only included haplotypes from A2 and B2. We also limited the Northern Yucatan
references to A2 and C1 haplotypes (n=19) and the observed Hd was not significantly different (0.959).
The nucleotide diversity (π = 0.00077) in the Mayapán sample was lower than each reference
populations: Northern Chiapas (0.00172), Northern Yucatan (total, 0.0016; A2 & C1, 0.00108), Central
Guatemala (0.00117). The average number of nucleotide differences per individual (M) for Mayapán
(12.4nt) was also lower than each population: Northern Chiapas (28.4nt), Northern Yucatan (total, 26.6nt;
A2 & C1, 19.7nt), and central Guatemala (19.3nt).

Table 4-3. Ancient and modern mitogenome diversity statistics.
MayapanA2 & C1

NYA2 & C1

NYtotal

NCA2 & C1

CGA2 & B2

n
23
19
25
9
12
# Hg
2
2
4
2
2
#h
21
14
25
9
7
Hd (sd)
0.984 (0.019)
0.959 (0.031)
0.973 (0.019)
1.000 (0.052)
0.909 (0.056)
π (sd) 0.00077 (0.00014) 0.00108 (0.00024) 0.0016 (0.00021) 0.00172 (0.00042) 0.00117 (0.00029)
M
12.4
19.9
26.4
28.4
19.3
S
74
101
136
97
59

n, number of individuals; Hg, haplogroups; h, haplotypes; Hd, haplotype diversity; π, nucleotide diversity;
sd, standard deviation; M, Average number of nucleotide differences per sample; S, number of
polymorphic sites; NY, Northern Yucatan reference population sample; NC, Northern Chiapas reference
population sample; CG, Central Guatemala reference population sample.
The haplotype permutation analysis found statistical differences between the Mayapán samples and the
Central Yucatan group (p=0.001) and central Guatemala group (p<0.001) (Table 4). However, the
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Southeast Mexico group was not significantly different from the Mayapán sample after 10,000
permutations (p=0.678). While we can assume that if we sampled a larger number of ancient and modern
individuals from Mayapán and Southeast Mexico, the lack of significance between the samples suggests
the high diversity among Mayapán’s population is indistinguishable from a sample of non-related
individuals from a more isolated Maya village. Comparisons between nucleotide diversity were not
significantly different among Mayapán and all reference groups.

Table 4-5. Results of the permutation test comparing haplotype diversity between Mayapán and three
modern indigenous Maya population samples from Mexico and Guatemala. Haplotype diversity values
are displayed below the diagonal and P values are displayed above the diagonal. All values are based on
10,000 random permutations with resampling from the combined haplotype frequencies in the dataset to
determine if the observed differences between each population is greater than expected by chance.

Central Yucatan
Central Guatemala
Southeast Mexico
Mayapán

n
25
12
9
23

Central Yucatan
-0.061
0.030
0.026

Central Guatemala
0.000
-0.091
0.087

Southeast Mexico
0.026
0.000
-0.004

Mayapán
0.001
0.000
0.678
--

Figure 4-5 displays the results from the Bayesian phylogenetic analysis using the combined A2
mitogenome dataset. The results corroborate that many of the ancient A2 haplotypes group into subclades corresponding to modern haplogroups and form independent sub-clades defined by unique
haplotypes. The phylogeny reveals that A2, A2m, and A2w sub-haplogroups are the most common
lineages distributed between Mayapán and across the modern reference populations. Though, none of the
haplotypes were shared between the ancient and modern populations, six Mayapán individuals share close
genetic affinities with nine individuals in the Northern Yucatan sample and one individual in the Northern
Chiapas while none of the individuals from central Guatemala were observed in this clade, many ancient
haplogroups observed in ancient and modern population samples. The Guatemala sample is represented
by individuals from haplogroup A2 and two individuals have identical B2t haplotypes while the Northern

170

Chiapas and Northern Yucatan mitogenome population samples exhibited high distributions of unique
haplotypes from A2 and two individuals with C1 haplotypes.

The genetic relationship between maternal lineages indicates that certain Mayapán individuals have
motifs that are observed in the modern sub-haplogroups in the Maya region defined by diagnostic C64T
and A153G root variants that indicate reversions at these positions (A2ap: MP081; A2m: MP058, MP222,
and TZA1; A2p: MP209, A2w: MP020 and MP239; A2+(64): MP101, MP012, MP014, MP105, MP110)
(see Salas et al. 2009). Additionally many individuals were assigned to sub-haplogroups not observed in
our reference sample (A2+(64)+@153: MP092; A2ao: MP021) or haplotypes defined by a lack of
reversions (MP007, MP050, MP051, MP098, MP111, and MP131). Most individuals assigned to
haplogroup A2 (n=15, 71%) had haplotypes defined by the presence of a diagnostic C64T reversion while
the remaining individuals (n=6, 29%) do not have this variant. Nearly every Maya reference sample
(n=35, 97%) with the exception of one individual from the Central Yucatan population (sample 17) have
haplotypes defined by the C64T diagnostic position. Both Mayapán individuals assigned to haplogroup
C1c had diagnostic positions associated with C1c (MP047) and C1c4 (MP071). Though these samples
had the lowest coverage in the Mayapán sample, with 96% and 75% mitogenome coverage respectively.
We observed diagnostic position in MP071 (214, 1888, 3106deletion, 3107C, 10522, 15930, 16274) and
in MP047 (3106deletion, 3107C, 1888, 15930) in order to assign a haplotype. The reference individuals
were both different C1c haplotypes: One Central Yucatan individual was assigned to sub-haplogroup C1c
(ref. sample 37) and one Central Chiapas individual was assigned to sub-haplogroup C1c2 (ref. sample
38). We did not identify founder haplogroups that are generally observed in ancient and modern lineages
in Mesoamerica (e.g. B2, D1, D4) (Kemp et al. 2010; Peñaloza-Espinosa et al. 2007; Sandoval et al.
2009; Söchtig et al. 2015) in the Americas (e.g. X2a) and in the Mayapán sample.
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Figure 4-3 Phylogenic relationships between the modern mitogenome population samples and all
available ancient A2 mitogenome samples in Mesoamerica. The Mayapán samples are displayed in green
and Central Yucatan samples are displayed in yellow, southeast Mexico are in red, and Central Guatemala
are in blue. Two regions prone to sequencing and alignment errors were masked prior to the analysis: a
poly-C (pos. 309-315) and a poly-AC indel (pos. 518-524). A) The frequency of the different A2 and C1
haplotypes belonging to Mayapán and Maya reference population samples. B) Bayesian tree of mtDNA
sequences generated in BEAST 2 enforcing a strict molecular clock parameter and model parameters
(GTR + G + I) with four gamma-distributed rate categories and a Markov chain Monte Carlo and 10
million generations with the first 10% discarded as burn-in. Bayesian posterior probabilities are displayed
above major nodes (>50%).
Mitochondrial control region results

Table 4-4 displays the results from the pairwise PhiPT analysis. The estimates of genetic differentiation
based on PhiPT values derived from mtDNA control region sequences indicate very low to low levels
(0.023 to 0.148) between Mayapán and Guatemala, Maya_Ch’ol, Maya_Xmaben groups. Moderate levels
of differentiation (0.150 to 0.246) were identified between Mayapán and Maya northern Yucatan
(Maya_y), Maya central Yucatan (Maya_c), Maya central Yucatan Quintan Roo (Maya_qr),
Maya_Tzotzil, Mazateco, and Purepecha groups, while high levels between Mayapán and
Maya_Tojolabal and Huichol groups. The results indicate more shared affinities between the Mayapán
and Maya_Xmaben, Maya_Ch’ol, and Guatemala 1 and 2 groups based on the mtDNA control region
sequences. This is likely due to the high frequencies of A2 mtDNA control region haplotypes in the
Mayapán and reference populations. Maya_y, Maya_c, and Maya_qr all have higher proportions of
haplogroups B2, C1, and D1 that are likely contributing to the higher differentiation values.
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Table 4-4. Pairwise population matrix of PhiPT distances using mtDNA control region haplotypes from Mayapán (n=23) and 12 reference groups
(n=665) from Mexico and Guatemala. Pairwise population PhiPT values derived from 209 mtDNA control region loci (pos. 16,924 – 577). The
Mayapán value indicates low to negligible differentiation between Maya groups in Northern Yucatan 1, Northern Chiapas 1, and central
Guatemala groups. Levels of genetic differentiation are categorized as high (>0.25), moderate (0.15 to 0.25), low (0.15 to 0.05), negligible (<0.05)
(Wright 1978). All values above the diagonal indicate the level of statistical significations for 1000 permutations.

Maya_C
Maya_C
Guatemala 2 Guatemala 1
Maya_C Guatemala 2
Maya_C Guatemala 1
Maya Xmaben
Maya Ch'ol
Huichol
Maya_y
Maya_qr
Maya_c
Mayapan
Mazateco
Purepecha
Maya Tojobal
Maya Tzotzil

0.039
0.061
0.019
0.000
0.324
0.146
0.151
0.151
0.148
0.140
0.229
0.345
0.199

0.085
0.088
0.312
0.117
0.122
0.122
0.139
0.133
0.148
0.297
0.184

Maya
Xmaben

Maya
Ch'ol

0.211
0.005

0.452
0.032
0.445

0.001
0.322
0.131
0.130
0.134
0.023
0.138
0.204
0.329
0.196

0.295
0.128
0.122
0.113
0.098
0.105
0.223
0.324
0.177

Huichol

Maya_y

Maya_qr

Maya_c

0.001
0.001
0.001
0.001

0.002
0.001
0.001
0.005
0.001

0.002
0.001
0.001
0.012
0.001
0.137

0.003
0.001
0.001
0.010
0.001
0.193
0.395

0.186
0.153
0.140
0.345
0.165
0.269
0.220
0.110

0.011
0.008
0.173
0.051
0.060
0.245
0.078

174

0.000
0.150
0.022
0.063
0.156
0.048

0.168
0.021
0.064
0.184
0.047

Mayapan Mazateco Purepecha
0.001
0.001
0.091
0.019
0.001
0.001
0.001
0.001
0.176
0.246
0.335
0.202

0.003
0.001
0.002
0.017
0.001
0.006
0.037
0.066
0.001
0.117
0.120
0.059

0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.328
0.155

Maya
Tojobal

Maya
Tzotzil

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.002
0.001
0.001
0.003
0.001
0.001
0.001
0.002
0.001
0.003
0.001
0.001

0.108

Classic and Postclassic Period HVR Analysis

We compared the 23 Mayapán samples and 33 reported ancient mtDNA HVR-I sequences (pos. 16153 –
16399) from multiple archaeological sites in the Maya Region to compare genetic affinities between
Classic and Postclassic periods (Ochoa-Lugo et al. 2016: Figure 4-4). Although the HVR-1 data provide
valuable information on the major haplogroup distributions, the low coverage only spans between 186246 positions. However, the diagnostic positions within the motifs suggest continuities and regional
differences between Classic and Post-classic periods. It must be noted that the lower resolution of the
HVR-I provides partial information and does not provide enough data to classify the specific haplotype.
For example, many of the Mayapán sequences share identical sequences across this motif (Figure 4). This
identical motif is also shared between samples from the Postclassic site of El Rey (Quintana Roo) and the
Classic sites of Bonampak, Palenque, and Xcambo (Figure 4). The star-like pattern of the ancient A2
haplogroup indicates at least 16 HVS-I haplotypes in the sample, however, one HVS-I haplotype is overrepresented (23 out of 46 individuals). The C1 HVS-I haplotypes indicate a different pattern. With the
exception of a single HVS-I haplotype shared between Palenque and El Rey, every C1 sequence is
unique. The high frequency of different haplotypes within the major A2 and C1 haplogroups found at
Mayapán, emphasizes the high number of maternal lineages in the burial population. However, higher
resolution mitogenome samples are needed from other sites to determine if this pattern is unique to urban
centers.

While many of the sites shared HVS-I haplotypes, differences between sites may point to regional
patterns in HVS-I lineages. The lack of regionally shared A2 and C1 HVS-I haplotypes at the Classic
period sites of Calicanto, Comalcalco, and Huimanguillo (western Maya sites) and El Ceibo potentially
suggests a different demographic history. Additionally, no ancient D1 haplotypes have been identified
outside the southern lowlands. Unique haplotypes in the ancient data set reveals differences that will need
to be investigated with high resolution mitogenomes to explore differentiation between the regions. The
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degree of affinities between many Northern Yucatan archaeological sites in the data set potentially
indicates high similarity in the HVS-I haplotype suggesting a nucleus of homogeneity within haplogroup
A2. However, many of the HVS-I haplotypes at Mayapán are not found at other sites and vis-a-versa.
Additionally, there may be regional differences found within the northern Yucatan samples. Four out of
the five individuals from El Rey (Quintana Roo) had different haplotypes that were not found in the
Mayapán sample while all Xcambo HVS-I haplotype were found in the dominant A2 haplotype. Overall,
although this sample size is relatively small, the genetic affinities and differences identified at this
resolution emphasize the uniqueness of the Mayapán mitogenomes results. Inter-site comparisons at
Mayapán indicates a lack of identical mtDNA lineages and only haplotypes derived from haplogroups A2
and C1. While a similar pattern is found at El Rey (Quintana Roo) and sites in the Central Lowlands, a
number of archaeological sites in the western Maya region have individuals from haplogroup D1.
Additionally, haplogroup C1 is found in lower frequencies in the Northern Yucatan than in the Central
and southern Maya regions. Haplogroup C was the dominant haplogroup found at Copan (n=9;
Merriwether et al. 1997).
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Figure 4-4. Median-joining network displaying the phylogenetic relationship of ancient mtDNA
HVS-I sequences within haplogroups A2 and C1 in the Maya region. Circle sizes are proportional
to identical haplotype frequencies.
Discussion

In this study, we explore ancient Maya population history using burials recovered from the
Postclassic urban capital of Mayapán. The high-resolution analysis of complete mitogenomes
reveals that our sample exhibits high haplotype diversity, exemplified by the lack of more than
one shared identical lineage between all burial contexts (Figure 4-2). Although only A2 and C1
macro-haplogroups were identified at Mayapán, the uniqueness of the maternal lineages (i.e.
haplotypes) indicates nearly all the individuals were not directly maternally related, regardless of
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burial context. Though our sample is mainly distributed across multiple burial contexts, we were
able to recover eight mitogenomes from two mass burials: structure Q-88c (n=4) and Q-162
(n=4). In both contexts, A2(+64) is the most common sub-clade representing six out of the eight
individuals. Early and Middle Mayapán period burials from Structure Q-88c have two individuals
with identical A2(+64) haplotypes, one individual with a different derived A2(+64) haplotype and
a single individual with A2. Interestingly, the mass burial associated with the demise of Mayapán
located at Q-162 consisted of three individuals with A2(+64) and a single individual with A2.
While each burial context contains multiple burials that we did not sample, the contexts
associated with the entombment of the individuals are remarkably similar to one another.
Structure Q-88c is an elite ossuary containing over 10 crania (~9 adults and 1 subadult) located
under the plaza floor of the main plaza. These are similar to other features found throughout the
city (raised free-standing shrines; Serafin and Lope 2007:238; Serafin et al. 2014). The context
suggests these burials are related to revered ancestors (i.e. Cocom burial practices) instead of
victims of violence or casualties. In Chapter 2, we demonstrate that most of the individuals
entombed at Q-162 were non-locals based on strontium isotope results, however, the phylogenetic
characteristics suggests closer genetic affinities, possibly suggesting a group derived from a nonlocal consanguineous group. Additionally, our phylogenetic analysis suggests burials from
Structure Q-72 and Q-162 also share close sequence matches within the A2(+64) sub-clade,
which potentially suggests close genetic relationships.

The mitogenome composition of the Mayapán sample implies that the ancient individuals were
from different maternal lineages. While there are currently no published comparable ancient
mitogenome datasets in Mesoamerica, comparisons with the three modern Maya-speaking groups
in Mexico and Guatemala indicates shared genetic affinities with Mayapán subclades, although
none of the modern samples were identical matches to the ancient mitogenomes (Figure 4-2).
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Regional similarities between the A2 and C1 subclades indicates that A2(+64), A2m, and A2w
were shared between the groups. This supports the presence of haplotypes derived from a recent
demographic event (Mizuno, Wang, et al. 2017; Söchtig et al. 2015). Mayapán’s haplotype
diversity is comparable to modern references derived from unrelated individuals. The
phylogenetic analyses showed that the Mayapán mitogenomes belonged to the most common
macro-haplogroup A2 lineage found in ancient and modern population in the Maya region. While
these results are congruent with previous ancient mtDNA investigations indicating haplogroup
A2 as the dominant macro-haplogroup in the northern Maya lowlands, the haplotype diversity
represented in the mitogenome data indicates that the previous studies underestimated ancient
genetic diversity.

Our study reveals a lack of maternal lineage continuity within and among the burials in the
monumental core and Itzmal Chen. Future work will be required to understand the paternal
relationships. Our relatively small sample size suggests the highly complex cultural practices (e.g.
endogamy, in- and out-migration, and burial practices) at Mayapán likely led to high genetic
diversity during demographic expansions in the northern Yucatan, a pattern suggested by
Gonzalez-Marin et al. (2015) based on modern haplotype distributions and Bayesian modeling of
regional haplotype distributions.

Within the context of political cycling, our data suggest Mayapán’s elite and mass burial lineages
reflect a diverse population with potential shared genetic ties across the Maya region. If more
isolated indigenous Maya groups represent more stationary demographic events and isolation
(González-Martín et al. 2015; Söchtig et al. 2015), many of Mayapán’s lineages may represent
maternal gene flow from these regions. These lineages have shared genetic affinities with modern
populations in the Yucatan, northern Chiapas, and central Guatemala that may suggest Mayapán
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demographic history experienced in- and out-migrations from all consanguineous groups (Rice
and Rice 2009). Future ancient genomic research is required to identify the paternal and familial
genetic relationships between Mayapán.

Conclusion

Our analysis of ancient maternal lineages from Mayapán indicate that the composition of our
samples is highly diverse and similar to mtDNA compositions found during prehistory and in
modern Maya populations. The population sample is mainly characterized by A2 haplotypes and
two haplotypes from C1. The results are consistent with published results indicating high
frequencies of haplogroups A2 and C1 in the northern Maya lowlands (Ochoa-Lugo et al. 2016).
Based on our results that show high maternal diversity (0.989) within the Mayapán population,
the analysis adds additional insight into the mitogenomic population dynamics and the low degree
of shared identical maternal lineages in the sample.

Comparisons with published modern mitogenome sequences in the Maya region are consistent
with patterns of high haplotype diversity within the reference populations. We found a lack of
shared haplotypes between Mayapán and the mitogenome references suggesting the genetic
composition of the ancient lineages are not observed in the modern populations, and potentially
suggests a lack of recent maternal geneflow.

Our mitogenome investigation suggests the Mayapán polity represent highly diverse maternal
lineage that may reflect the cosmopolitan population dynamics at the city. The maternal genetic
composition has a similar haplotype diversity to modern unrelated groups but the shared regional
haplotypes potentially indicate prehistoric genetic ties across the Maya region. While a larger
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sample size and additional genomic methods are required to further identify the impacts of
political cycling on prehistoric populations, our study suggests that the genetic landscape at
Mayapán displays phylogeographic ties with multiple prehistoric and historic populations.
Furthermore, the maternal diversity at the elite ossuary Q-88c and mass grave Q-162 point to
relatively small consanguineous groups in burials with multiple individuals and may reflect the
burial practices of ethnopolitical lineages within the Mayapán polity.
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Chapter Five

Conclusions and Future Directions
This dissertation explores the premodern population history of the last major urban
capital of Mayapán in Northern Yucatan, Mexico and examines population dynamics during the
formation and decline of the polity. Research at the capital has created continual debates over the
demographic history of the city, the origins of the population, and how changes in the population
impacted the sociopolitical cycling between the 12th and 15th centuries. The beginning of this
chapter synthesizes the main results from this study and answers the questions posed in Chapter
One. The findings of each chapter are used to address different dimensions of the population
dynamics in this prehistoric city. The limitations for each chapter are discussed followed by a
summary of current ongoing research to address these limitations and future research directions.
The chapter concludes with the significant impacts of this study and the broader relevance to
Postclassic Maya archaeology, demographic diversity, social complexity, and economic lifeways
at the capital.

Migration structure across the formation and decline of the urban capital

Chapter 2 focused on the migration history of the urban capital during its formation (1100 – 1250
CE), apogee (1250 – 1400 CE), and decline (1400 – 1500 CE) by presenting new strontium
isotope ratio data to examine the scale and structure of local, regional, and foreign population
movements. The results indicate that local (n=24), regional (n=26), and foreign migration (n=8)
remained persistent throughout the Postclassic Period. None of the burials analyzed in this study
have strontium values that indicate immigration from the Southern Maya region, the Isthmus of
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Tehuantepec, or Central Mexico. Intriguingly, only a few samples in the study were consistent
with coastal origins (>0.709, n=3), which suggests the majority of individuals have values that are
consistent with non-coastal origins either immediately around Mayapán or across the northern
peninsula. Furthermore, the mobility profiles of 16 individuals from Mayapán show high mobility
among 12 individuals suggesting at least two moves prior to entombment in the city.

The dynamic model predicts that as centralization increases more hinterland communities will
integrate into the polity (Marcus 1998). Previous research at Mayapán predicted that population
aggregation increased recruitment from neighboring regions to sustain the urban infrastructure
(Masson and Peraza Lope 2014a). Furthermore, the integration of regional exchange networks
and hinterland communities, trade diasporas, and mercenaries from Tabasco and/or Central
Mexico are expected to have moved to the city during the apogee of the city (Hare, Masson, and
Peraza Lope 2014; Masson and Peraza Lope 2014c). The results of the strontium analysis indicate
that immigration remained consistent from the beginning and did not significantly change during
the apogee and decline of the city. This suggests the scale and structure of immigration remained
consistent despite increases in population size, expansion of migration theory and economic
networks, and during periods of social and ecological stress. However, while the proportions of
local and non-locals did not significantly change across temporal periods, there are discrepancies
between burial origin and burial location/context that point to differences in the immigration
structure and sociopolitical status in the city. Elites buried outside the monumental core and the
individuals recovered from mass graves have strontium values that are consistent with regional or
foreign strontium ranges, while elites in the monumental center and commoners throughout the
site are more consistent with local strontium values.
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The lack of variation in migration structure through time suggests that the polity retained a widespread pattern of regional population aggregation from the northern Yucatan peninsula. These
results support an influx of both local and intra-regional Yucatan communities instead of local
development and diversification or changes in the direction or scale of immigration through time.
The rapid growth of the city involved an array of logistical challenges that required administrative
control and an influx of people to both construct the cityscape and to support the infrastructure
needed to maintain the growing population. The expansion of the polity gave rise to an influential
agrarian city-state that was a magnitude larger than any other Late Postclassic settlement in the
region.

Urban ecology and consistency across all temporal periods

The results of the stable carbon and nitrogen isotope analysis (n=192) in Chapter 3 demonstrated
that the subsistence economy at Mayapán relied on an abundance of C4 plant resources and a mix
of terrestrial animals, animals that consumed C4 foods, and a small contribution of C3 foods. The
prominence of isotopic parity between burials, temporal periods, and status suggest that
sociopolitical and ecological dynamics did not significantly impact or contribute to differences in
the human diet. This means that the urban population had access to food grown in the
surrounding region. If exotic foods were restricted to elites or foreign enclaves then the
contribution of marine foods and non-C4 foods were only sparsely consumed. This is contrary to
dietary access and sociopolitical dynamics during the Classic Period where elites and commoners
accessed different subsistence and trade networks for food resources (Somerville et al. 2014). If
Mayapán’s populous was relying on imported staple food resources, the agricultural economies
that were exporting foods to the city were originating from maize-based agricultural economies.
Furthermore, if foreigners settled into the city, they were accessing similar staple foods as the
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general populous and were not relying on imports from distant homelands on the coast or
elsewhere. The results from this study suggest parity between social classes, sexes, and temporal
periods.

An explanation for the isotopic parity within the population comes from the mercantile and
market economic systems that connected the domestic economies within the urban environment
to regional exchange networks (Feinman and Nicholas 2000; Smith and Berdan 2003a; Smith
2002). Masson and colleagues argued that the material culture across the cityscape suggests elites
and commoners specialized in exotic goods and food staples that were likely redistributed
through various means including a market exchange system (Masson and Peraza Lope 2014c;
Paris et al. 2018). While Maya society was highly stratified, market commerce at Mayapán made
staple products and valuable exotic resources accessible to administrators, artisans, specialists,
and farmers resulting in higher equitability in the city.

An alternative, but not a mutually exclusive explanation comes from the ecological aspects of the
urban landscape and the social demands of an agrarian city-state (Smith 2006; Zeder 1991).
While the majority of staple food production was obtained from agricultural fields outside the
city, the diverse domestic economies and “green spaces” within the defensive walls at Mayapán
suggests the urban ecosystem could sustained the population with an abundance of foods from
neighborhood farms, maize-fed turkeys, managed wild game, and household gardens. It is
plausible that the majority of Mayapán’s subsistence requirements could supplement the
population during periods of uncertainty.
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Mayapán mtDNA haplotype composition highlights premodern genetic diversity and unique
maternal lineages within the polity

Chapter 4 presents the results from one of the first ancient mitogenome analyses using NextGeneration Sequencing in the Maya region (but see Posth et al. 2018 for Early Holocene data
from Belize). The analysis explored genetic variation within the urban capital of Mayapán and
compared the results with currently available ancient and modern Maya mtDNA sequences. The
results provide an additional temporal layer of genetic data to understand demographic dynamics
at the last Maya urban capital and additional insight into geographic discontinuity prior to
colonization. This work represents an attempt to bridge the gap between modern and premodern
demographic history using new genomic data to understand the broader population structure
during the Postclassic Period.

The genetic composition of ancient mitogenome sequences in this study (n=23) show high
haplotype variation between burial contexts within the Mayapán sample. Comparisons between
burial contexts indicate that only two individuals from structure Q-88c shared identical
haplotypes and may have been maternally related (haplotype A2(+64)). The high diversity and
lack of more than one shared identical maternal lineage indicates that the vast majority of burials
were not maternally related. This is either due to multiple lineages coalescing at Mayapán or a
broader trend in regional genetic diversity during the Postclassic Period caused by population
expansion in the Northern Yucatan. Intriguingly, the genetic diversity and subhaplogroup
distribution found in the Mayapán sample has more genetic affinities with indigenous Mayanspeaking reference populations rather than modern cosmopolitan urban populations. This
supports the hypothesis that there was a colonial and/or historic temporal and geographic changes
in the distribution of haplogroups represented in the ancient and modern reference samples in the
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Maya region (i.e. ancient Hg A2 and C1 verse modern Hg A2, B2, C1, D1, and D4). However,
the absence of shared identical maternal lineages between regions suggests low maternal
geneflow or variation that can be linked to population events prior to the historic period.

The Mayapán sample is dominated by ten A2 and two C1 sub-haplogroups. A similar pattern has
been observed in the modern Ch’ol reference sample in Northern Chiapas and in partial HVS-I
mtDNA sequences across the Maya lowlands during the Classic and Postclassic Periods. When
contrasted with all the ancient partial sequences, the dominance of A2 haplotypes in the genetic
compositions likely supports a relatively recent demographic expansion in the northern Yucatan
prior to the Postclassic Period (Söchtig et al. 2015). Regional differences during the Classic
Period sites in the Central Maya lowlands and the Isthmus of Tehuantepec suggests a complex
genetic history and regional differences exemplified by variation in haplogroup C1 and the
absence of haplogroup B2 and D1 in the northern Yucatan during the Classic and Postclassic
Periods.

The genetic component of this study found high maternal diversity between individuals buried in
the monumental core and residential zones. This suggests considerable genetic variation within
the polity rather than burial contexts with specific maternal lineages. The genetic composition of
the Mayapán population as a whole shares strong genetic affinities with multiple maternal
lineages found in modern indigenous Maya reference populations; however, the lack of shared
identical haplotypes between Mayapán and the reference populations either suggests low
geneflow between regions (Mizuno et al. 2017), a demographic scenario where the pattern of A2
and C1 mtDNA variation developed prior to the formation of Mayapán (Söchtig et al. 2015), or
potential sampling error. Though the genetic resolution is lower, comparisons at the haplogrouplevel with multiple Classic and Postclassic Period Maya sites in the Maya lowlands suggests a
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recent demographic expansion within the A2 haplogroup that likely corresponds to the population
expansions during the Classic Period (González-Martín et al. 2015; Söchtig et al. 2015). These
results show potential maternal links to multiple regions in the Maya area, but the absence of
identical haplotypes potentially supports low maternal geneflow within Mayapán and between
modern populations in this study.

A new contribution to Postclassic urban population dynamics

The studies within this dissertation have enhanced our understanding of premodern urban
population dynamics at Mayapán during the Postclassic Period and has contributed three original
data driven projects that have elaborated upon migration structure (Chapter 2), dietary variability
(Chapter 3), and population genomics (Chapter 4) during a critical period in the cultural history of
the Maya region.

Mayapán migration structure and scale

The results of the migration study show that the urban population at Mayapán exhibited persistent
diachronic in-migration homogeneity. The high isotopic variability during all three temporal
periods indicates that settlement patterns remained multi-regional and that both locals and
immigrants had geographic origins in the Yucatan Peninsula, Mexico. I argue that this evidence
supports an aggregation model that lacks directional structure, restructuring, or diversification as
the polity and the population increased in size based on the strontium data (n=58). The
combination of strontium data and mobility profiles support the interpretation of a large
proportion of first-generation immigrants at Mayapán instead of local demographic development
(like many other sites in the Maya region) followed by diversification as the settlement grew in
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size. This suggests that the polity retained intra-regional ties with inland communities across the
northern Maya lowlands. This contrasts with a model of local demographic development
followed by the diversification of the city and large-scale integration from regions in the Central
Maya lowlands, coastal settlements, or foreign enclaves in order to sustain the urban population,
or a model of reorganization and shifting settlement patterns after the founding of the city.

This contrasts with strontium evidence from many of the larger Classic Period and Terminal
Classic Period urban capitals in the Maya region (e.g. Chichen Itza, Copan, Kaminaljiuyu,
Pusiha, and Tikal) that indicate high levels of inter-regional migration and variability within
socioeconomic burial categories. Instead, the Mayapán data point to a pattern of regional
integration rather than the broadening of the population with hinterland populations from outside
the Northern Lowlands. This aspect of migration structure points to a demographic scenario
whereby the Mayapán polity maintained local and regional ties and networks rather than
experiencing broad demographic changes or replacements.

The integration of strontium isotopic ratios, burial status and burial location across Mayapán has
increased our understanding of the internal sociopolitical dynamics and provides new
perspectives on the impacts of migration on the settlement patterns within the city (Burmeister
2000; van Dommelen 2014). Elite burials from residential zones outside the monumental center
and trauma victims had strontium values that were more consistent with non-local geographic
origins while elite burials within the monumental center and commoner burials had strontium
values that were more consistent with local geographic origins. This trend may suggest distinct
sociopolitical and/or ethnic segregation between local elites in the monumental center and
immigrant secondary elites in the residential zone. Furthermore, by examining the relationships
between geographic origin and casualties in mass graves, this study has added to the
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understanding of conflicts within the city. The results of the burial status study provide tantalizing
evidence for a higher degree of violence against individuals with non-local origins or potential
victims of warfare. For example, comparisons between mass burials and commoner/elite burials
shows the degree of violence against non-locales. This is exhibited in the strontium isotopic
values of trauma victims within mass graves (13 out of 17 individuals) and suggests regional
immigrants and foreigners were the predominant victims in the sample. The non-local similarities
between the distribution of residential elites and mass burials may highlight conflicts between the
local ruling elites and non-local individuals or raids on communities outside the Chixculub Basin.
The episodic increase in violence during the Middle Mayapán Period and the low proportion of
local isotopic values may indicate the formation of an asymmetrical political structure that lead to
increased sociopolitical instability and fragile alliances between local and non-local lineages (see
Paris et al. 2017).

Finally, this study demonstrates the scale, structure, and temporal dynamics of migration within
an urban capital in the Maya region during the Postclassic Period. This study reconstructs
mobility patterns to explore the isotopic variability of the urban population at Mayapán and test if
the geographic origins of the population changed during the growth and decline of the polity.
While the persistence of regional in-migration is consistent with previous results found at many
other large Maya settlements and urban centers, the dynamics between locals and non-locals
reflects a unique migration history concentrated on inland communities in the Northern Yucatan.
Overall, this strontium isotopic study serves as a vital source of information to help contextualize
the scale and structure of migration and potential internal social dynamics within an aggregated
urban population.
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Addressing the limitations in the migration study and future research

Many of the methodological and interpretive challenges in Chapter 2 revolved around the lack of
comparative data sets and the confounding geochemical similarities in strontium ratios found
across the Maya lowlands. I attempted to reduce these constraints by examining the data using
multiple statistical approaches and through comparisons using all the currently published
strontium data in the Maya region. Despite these limitations, the strontium data from tooth
enamel offered an opportunity to determine the proportions of local, regional, and foreign
individuals within Mayapán and infer migration patterns based on the presence or absence of
outlier values. The biogenic baseline samples at Mayapán were consistent with strontium data
from within the Chixculub Basin, which suggests residents who spent their childhood within the
basin can be differentiated from non-local individuals from outside the Chixculub Basin isotopic
boundary. However, current data suggests that all the sites within the basin may exhibit high
within-group isotopic similarity, so defining the exact proportion of local Mayapán from near-by
settlements is currently not feasible. Furthermore, many geologic settings in the Pucc Region and
in the Belize Valley have similar isotopic ranges as the Chixculub Basin. To resolve issues in the
accuracy of the method, I performed a proof-of-concept study to further differentiate individuals
based on the correspondence of multiple isotopic values (see Sharpe, Emery, et al. 2018; Sharpe
et al. 2016). Future research proposals will integrate the 20 lead and 12 oxygen isotope data
points in the proof-of-concept study with the strontium data to increase the sample size at
Mayapán as well as other sites in the Pucc Region west of Mayapán and sites outside the
Chixculub Basin to develop a more fine-scale interpretation of locals and non-locals in the region
and help narrow the geographic origins of locals and immigrants (George et al in preparation lead
isotope analysis).
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An additional methodological limitation was related to the level of out-migrations and the
reorganization of the polity. The descendants of immigrants who grew up at Mayapán will exhibit
local isotopic values and this could mask potential ethnic boundaries found within the
neighborhoods and zones. This could also impact our ability to identify the restructuring of the
polity between temporal periods. For example, the descendants of immigrants will have local
isotopic signatures but may have sociopolitical ties through their parent’s lineages. In a
demographic scenario of community wide restructuring, out-migrations may lead to an imbalance
in the ratio of locals and non-locals as locals are replaced by immigrants or foreigners. I
attempted to integrate a subsample of the first and third molars to understand a broader range of
mobility patterns during an individual’s early life compared to the contests of the final burial.
Future research will need to refine the inference model with larger samples sizes and multiple
isotopes from each sample (i.e. oxygen, deuterium, lead) and multiple teeth to represent a range
of phases in the life-history. I argue that future research in the Maya region would benefit from
these multi-proxy approaches. Based on the small sample of 16 individuals with M1 and M3
strontium data, I was able to show higher than expected mobility patterns through life than has
been previously identified in the Maya region.

Finally, a total of 74 strontium values representing 58 individuals from Mayapán were analyzed
in the study. While this is a relatively large sample size, the costly labor-intensive expenditure of
strontium isotope geochemistry limited the scope of the study. The sampling strategy maximized
a relatively equal number of individuals sampled from the monumental center and residential
zones with consideration for burials status (e.g. elite, commoner, mass burial). The
implementation a multi-isotope approach used in the mobility analysis (e.i. Sr values from the M1
and M3) built on the sampling strategies used in previous research and findings from the
enormous breadth of research at the site (Brown 2006; Hare, Masson, and Russell 2014; Kennett
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et al. 2016; Masson 2015; Paris et al. 2017; Peraza Lope et al. 2006:200; Serafin 2010; Serafin et
al. 2014), but also the sampling strategies encapsulated with aspects of the dissertation. Only
burials with AMS radiocarbon dates and stable isotopic data (see Chapter 3) were sampled for
strontium isotopic analysis. Though this strategy helped organize the samples into temporal
periods, this also reduced the number of samples available at the time of the analysis.

Dietary connectivity between Mayapán’s socioeconomic burial groups

The results from the stable carbon and nitrogen isotopes dietary analysis in Chapter 3
demonstrates a level of dietary continuity across elite and commoner burials, while mass graves
(casualties) exhibit temporal variability. Although Classic Period diets in the Maya region show
evidence for socially stratified food preferences, the diets of Mayapán residents could not be
differentiated by status categories. This likely indicates similar subsistence strategies within this
urbanized environment and low proportions of C3 and marine foods. The results suggest stability
in dietary practices and the socio-economic strategies utilized to feed and provision the city.
Together, these finding suggest that the majority of urban residents participated in similar
subsistence strategies and community-level access to resources high in maize-based foods and an
abundance of wild and managed terrestrial animals (Masson and Peraza Lope 2008, 2013).

I argue that low intra-site variation among elite and commoner diets reflects community-level
accessibility within the urbanized environment. Furthermore, the results do not point to
substantial levels of diversification in subsistence sources between each period that may indicate
changes in the proportions of foods consumed within the population. For example, variation
between periods does not support systematic shifts in the proportion of different C3 foods
consumed across the diet that would indicate changes in the networks that provisioned the city or
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the diversification of household gardens. Additionally, terrestrial-based subsistence strategies
were established prior to the construction of the monumental center and persisted until the decline
of the polity. The results differ from human isotope data from coastal sites high in marine foods
and settlements in the Central and Southern Maya Lowlands with a higher abundance of C3 foods
in the diets. Overall, though there is evidence for complex hierarchical divisions within Mayapán,
the consumption of foods with distinct C4 isotopic content remained high between elites and
commoners and remained stable during periods of growth, warfare, and droughts.

Statistical differences were found between the burial categories associated with violence and
mass graves that suggests victims accessed different subsistence networks. These data suggest
that casualties during the Formation (1200-1250 CE) and the Decline (1400-1500 CE) of
Mayapán consumed diets more enriched in C4 foods and animal proteins than the general urban
diet found at Mayapán. This contrasts with victims during the Apogee (1250-1400 CE) who had
values that did not significantly differ from the commoner and elite burials. I argue that this either
indicates that casualties during the early and late periods had access to different subsistence
networks or were captives from regions with different ecosystems. The isotopic similarity
between victims and commoner/elites during the Apogee could reflect internal conflicts between
urban residents who have integrated into Mayapán or were from an ecological setting similar to
Mayapán (i.e. consumed similar resources). Evidence for an increase in internal conflicts during
the Apogee are associated with the massacre of noble factions, internal conflicts, warfare and
periods of drought and warfare (Kennett et al. 2016; Masson et al. 2014; Paris et al. 2017; Peraza
Lope et al. 2006; Serafin 2010).
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Table 5-1. Mayapán individuals with strontium isotope, stable carbon and nitrogen isotopes, and ancient mitogenome data.
Sampe #

Chronology

Zone (letter)
Structure
(number)

Burial Status
(desciption)

Age

Sex

Migration Analysis
(Chapter 2)

Dietary Analysis
(Chapter 3)

87

87
Sr/86 Sr
Sr/86 Sr δ13 CVPBD(‰) δ15 NAIR(‰)
childhood adolescence

MP222

Middle Mayapan Period H.15 (Itzmal Chen)

MP239

Early Mayapan Period

L.69a (20)

MP131b

Early Mayapan Period

Q.152/Q.151

MP007

Late Mayapan Period

Q.162

MP010

Late Mayapan Period

Q.162

MP012

Late Mayapan Period

Q.162

MP014

Late Mayapan Period

Q.162

MP058
MP021
MP020

Middle Mayapan Period
Early Mayapan Period
Middle Mayapan Period

Q.54
Q.72
Q.72

MP098

Middle Mayapan Period

Q.79/Q.79a

MP226
MP111
MP105
MP110

Early Mayapan Period
Middle Mayapan Period
Middle Mayapan Period
Middle Mayapan Period

Q.88c
Q.88c
Q.88c
Q.88c

MP047

Middle Mayapan Period

Q.92

MP050

Middle Mayapan Period

Q.93

casualty
(mass grave)
commoner
(outside
center)
casualty
(mass grave)
casualty
(mass grave)
casualty
(mass grave)
casualty
(mass grave)
casualty
(mass grave)
elite (hall)
elite (hall)
elite (hall)
casualty
(mass grave)
elite (shrine)
elite (shrine)
elite (shrine)
elite (shrine)
commoner
(cemetery)
commoner
(cemetery)

Mitogenome
Analysis (Chapter 4)
Haplogroup

-10.1

9.2

A2m

-9.6

8.5

A2w

0.70834

-9.4

9.2

A2

U

0.70850

-8.4

9.5

A2

18-34

M

0.70879

-10.2

8.7

A2+(64)

7

U

0.70818

-8.7

8.6

A2+(64)

18-34

M

0.70854

-9.5

8.5

A2+(64)

50+
18-49
50+

F
U
F

0.70892
0.70890
0.70894

-9.6
-9.3
-10.1

9.1
9.0
8.6

A2m
A2ao
A2w

35-49

F

0.70885

-8.9

9.0

A2

50+
18+
A
18+

M
U
M
U

0.70863
0.70888
0.70885
0.70831

0.70912
0.70886

-10.4
-11.0
-11.0
-10.3

10.7
8.2
8.1
9.3

A2
A2
A2+(64)
A2+(64)

35-49

F

0.70856

0.70808

-10.4

8.6

C1c

18-34

F

0.70864

0.70850

-9.5

8.6

A2+(64)

18+

U

0.70853

50+

M

0.70874

U

U

10-11
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0.70862

0.70843

Isotope and mtDNA Profiles

Multidisciplinary research enables a new understanding of premodern urban lifeways. However,
due to preservation and the availability of the skeletal elements, only a small portion of the total
Mayapán sample has demographic, strontium isotope, stable carbon and nitrogen isotopes, and
ancient mitogenome data (Table 5-1). It needs to be emphasized that the sample is small and
biased towards burial context in the monumental center (n = 17/19). A large portion of this
sample is either from elite (n = 7) or casualty (n = 7) burial contexts and not representative.
Though the sample size is small, a number of observations can be made regarding individual lifehistories that add to our understanding of the individual dynamics at the urban center using data
from all three studies.

The results from the monumental center present important evidence to address variation in
migration (Price et al. 2015), diet (Mintz and Du Bois 2002) and hierarchical networks (Goody
and Goody 1982; Gumerman 1997; Somerville et al. 2013; Twiss 2019), and the character of
matrilineal relationship (Morales-Arce et al. 2019; Overholtzer and Bolnick 2017). Three elite
burials (MP020, MP021, and MP058) were all recovered in association with colonnaded halls in
the Q.72/Q.54 group on the western side of the monumental plaza and date to the Early and
Middle Mayapán periods. Masson and colleagues suggested that the colonnaded hall groups were
used by social factions and burials for revered ancestors (Masson and Peraza Lope 2014a:108110). Two individuals were female while the third is unassigned. The strontium values indicate
that each burial had local origins (0.7089) and their carbon isotopes values in indicate that they
had highly similar diets. All three maternal haplotypes were different and do not share high levels
of genetic affinities relative to other burial context in Q-88c and Q-162 discussed below.
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When compared to the four burials located in the annexed shrine Q-88c in the monumental plaza,
a number of differences can be identified that help elucidate individual variability across site
contexts. The post-mortem treatment of the human remains at Shrine Q-88c may be reverential
and associated with elite social factions (e.g., Cocom family (Serafin and Lope 2007:238; Tozzer
1941). The Q-88c burials (2 males and 2 unassigned) exhibit more diversity in their geologic
origins with values associated with Mayapán and areas across the central Yucatan. Moreover, all
four individuals have similar carbon isotope values that are more depleted than most found at
Mayapán. These individuals relied on maize-based foods but likely integrated more C3 foods into
their diets. This context was the only burial with identical mitogenome haplotypes (MP105 and
MP110) indicating that at least two individuals may have been directly maternally related. Taken
together the data illustrates a variety of geologic origins from across the northern Yucatan, but
genetic affinities that could indicate closer familial ties.

Each commoner burial in Table 5-1 has strontium data from both the first and third molar, dietary
isotopes, and mtDNA data. Two commoner burials were recovered from a cemetery inside the
monumental center (MP047, female and MP050, female) and from a neighborhood outside the
center in zone L (MP239, male). The commoners in the monumental center both exhibit non-local
origins. Discontinuity between the M1 and M3 of burial MP047 indicates higher mobility
suggesting that this individual likely spent adolescence in the Central Maya lowlands. MP047
also has a more depleted stable carbon isotope value suggesting that more C3 foods were
integrated into diet Alternatively, MP050 has very similar strontium values suggesting relatively
low mobility. MP239 has strontium values that suggests low mobility and a diet that is consistent
with the average found at Mayapán. All three mitogenome haplotypes were substantially different
from one another, exemplified by different A2 matriline and a unique C1c haplotype (MP047).
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Most casualties in Table 5-1 are consistent with burial groups and events that transpired during
conflicts in the late 14th century and mid-15th century (Kennett et al. 2016; Peraza Lope et al.
2006; Paris et al. 2017). Although the character of these burials is associated with violent
conflicts, it is important to explore how they lived prior to these events. With the exception of
MP131b and MP010, burials recovered from the casualties group in Table 5-1 have strontium
values that indicate diverse origins from across the northern Yucatan. Furthermore, the stable
carbon isotope data indicated a wide variety of terrestrial foods that reflect significantly different
dietary networks. Moreover, the lack of shared identical haplotypes indicates that these
individuals were maternally unrelated. Though future research is required to elucidate the patterns
observed in the casualty group, the integration of data from all three investigations re-evaluated
how the population integrated people from different areas of the Yucatan, developed reliable
maize-based economies that were sustained throughout each period, and kinship practices that
resulted in high maternal diversity.

Limitations of the stable isotope analysis and Future Research

The use of stable isotopes from bone collagen are limited by a number of methodological
constraints that include a protein-bias, preservation, sample size, potential inter-laboratory
variation, and the confounding effects of diet sources within two-dimensional isotopic modeling
space (discussed in Chapter 3). Although the paleodietary analysis in this dissertation represents
one of the largest, most comprehensive studies in the Americas, staple carbon and nitrogen
isotopes from bone collagen suffers from the following limitations: 1) the data are primarily
derived from protein sources and not the total diet, 2) only offer two isotopic markers to
differentiate dietary sources and are prone to accuracy issues, and 3) represent the aggregate diet
during periods of skeletal remodeling and do not indicate fine-scale changes in the diet. I have
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attempted to mitigate these methodological issues by using the following sampling strategy. In
this study, a total of 191 individuals from Mayapán were used in the statistical analysis in Chapter
3 to produce a representative study of the burial population at Mayapán. Over 400 attempts were
made to extract collagen in order to maximize the number of samples and to broaden the scale of
the analysis to include all 246 individual burials from multiple contexts across the site. The scope
and scale of this study represents one of the largest paleodiet studies in the Americas derived
from a single location and provided an excellent opportunity to investigate changes in diet and
status within an urban context. Additionally, I attempted to explore dietary changes at the
temporal and regional scale through the application of a comparative approach with all currently
published stable isotope data from the Maya region. While the breadth of paleodiet studies across
the Maya region has resulted in one of the most extensively studied regions in the world, most of
the paleodiet studies in the Maya region have been focused on urban centers and settlements in
the Central and Southern Maya regions (see Table 3-6 in Chapter 3). Overall, this study laid the
foundation for future stable isotope studies at Mayapán and across the Northern Yucatan.

Future research at Mayapán will implement multidimensional isotope analyses to contend with
the confounding effects (or false positives) of two-dimensional isotopic modeling and help
discern the dietary proportions of maize and C3 foods in the diet (George et al. in preparation).
Stable carbon isotopes from the bone carbonate represent the dietary contribution of carbon from
the total diet (i.e. carbohydrates, lipids, and proteins) (see Somerville et al. 2013; Williams et al.
2017) and when integrated with stable carbon and nitrogen isotope values from bone collagen
offer additional empirical evidence to determine access to food networks within the city.
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Ancient mitogenomes reveal multiple maternal lineages at Mayapán

The form and structure of the political lineages at Mayapán would have influenced the settlement
patterns and mortuary context across the urban landscape. The ancient mitogenome sequences
identified within this study belonged to multiple maternal haplotypes within haplogroups A2 and
C1. While only a few burial contexts yield multiple mitogenomes (Q-77, n=2; Q-88c, n=4; Q162, n=4) in the monumental center, discovery of only two individuals with identical maternal
mitogenomes in Q-88c points to low matrilineal relatedness within the sample. Though the
sample size is admittedly small, the high mtDNA diversity represented in the sample suggests
high maternal gene flow within the mtDNA profile at Mayapán. Out of all the burials, the
mitogenomes from structures Q-88c and Q-162 seem to be share the most genetic affinities within
the A2 and A2(+64) sub-haplogroups and point to potential genetic connections within the site.
Although the power of the statistical analysis is admittedly low, the results are intriguing due to
the connections to ancestor worship typical of Cocom practices at Q-88c (Serafin and Lope 2007;
Serafin et al. 2014) and the potential massacre of the nobility during the decline of Mayapán at Q162 (Milbrath and Peraza Lope 2003; Peraza Lope 1999; Tozzer 1941). Future research will need
to increase samples size within these contexts and examine the genetic relationships using full
genomes and paternal lineages (i.e. Y-chromosome) in order to gain a more fine-grained
perspective on these relationships. A comparison between the strontium data from burials within
the structures suggests individuals at Q-88c (n=5) were mainly local while individuals at Q-162
(n=7) had more regional and foreign origins (see Chapter 2).

The data presented in Chapter 4 currently represents one of the few genetic studies in the Maya
region and the only the second project to generate complete mitogenomes. The data provide new
insights into the population history of the Maya and the genetic characteristics of a Maya urban
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capital. The Mayapán sample has higher genetic diversity than expected based on comparisons
with previous ancient mtDNA-control region analyses in the Maya region. Though this is
expected due to the resolution of complete genomes, the Mayapán results are consistent with the
geographic distribution of haplogroups A2 and C1 in the northern lowlands, and also corroborate
the high frequency of A2 subhaplogroups identified across the Maya lowlands. The absence of
other major haplogroups at Mayapán and across the northern Maya region (e.g. haplogroups B2,
D1, D4) suggests these haplogroups did not contribute to the genetic profile of the Maya until the
colonial and/or historic periods, a pattern identified by Gonzalez-Martin et al. (2015) using
modern mtDNA control region data from populations across Mesoamerica. Furthermore, the
Mayapán data seem to exhibit a pattern that is more consistent with the results from modern
population genomic studies from indigenous Maya groups (Mizuno, Wang, et al. 2017; Söchtig et
al. 2015; Lippold et al. 2014). A comparison with the available modern reference mitogenomes
from Maya populations reveals that the Mayapán sample was potentially a mix of premodern
lineages, but additional ancient genomic research will need to be carried out to answer this
hypothesis.

Limitations of the mitogenomic analysis

Most of the ancient DNA studies in Mesoamerica have been restricted by the preservation of the
samples and the low genetic resolution of the methodological approaches in aDNA research (i.e.
PCR amplification and sequencing of the mtDNA hypervariable regions; see in Chapter 4). There
is currently only one published ancient mitogenome study that dates to the Early Holocene from
Belize in the Maya region (Posth et al. 2018) and only three published ancient mitogenome
studies from Mesoamerica (Teotihican in the Basin of Mexico, (Mizuno, Kumagai, et al. 2017);
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Paquime in Northern Mexico,(Morales-Arce et al. 2017); Cueva Candelaria in Northern Mexico,
(Llamas et al. 2016).

Recently published studies in South America have expanded our understanding of premodern
demographic transitions, regional population dynamics, migrations, and precolonial genetic
diversity (Valverde Garnica 2016; Arias et al. 2018; Baca et al. 2012, 2014; Barbieri et al. 2017,
2011; Childebayeva et al. 2018; Fehren-Schmitz et al. 2009; Fehren‐Schmitz et al. 2010, 2011;
Fehren-Schmitz et al. 2014; Kemp et al. 2009:2009; Posth et al. 2018). Future work will need to
increase the sample size to include the broader regions across Mesoamerica.

Future research will also need to increase the sample size at Mayapán and adopt the current
technological trends in archaeogenomics through the integration of SNP enrichment approaches
(see Fu et al. 2015) and full genome shotgun sequencing to increase the genomic resolution of the
analyses. This research will need to widen the scope of the analysis to include additional sites in
the Northern Yucatan during the Postclassic Period. The interpretive power of the mitogenome
analysis was restricted by the uniparental nature of mtDNA and the lack of comparable ancient
sites that were contemporary with Mayapán or date to the Classic and Terminal Classic Periods.
While the modern and pre-colonization genetic analyses have demonstrated that the population
history of the Maya region is complex, applying a systematic geographic genetic analysis that
includes sites around Mayapán will expand our understanding of the demographic dynamics and
identify patterns in the demographic history of the region. This will help expand our
understanding of large scale and small-scale demographic events and the structure of premodern
populations in the northern Yucatan prior to colonization.
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The high haplotype diversity at Mayapán could indicate the regional migration structure that
supported the large population that aggregated to the urban capital, an enclave of pre-colonial
regional diversity, or could be a factor related to the admittedly low sample size. One significant
issue in the archaeological record revolves around our understanding of pre-colonial kinship
systems, migration patterns, and the dynamics within political lineages. In his summary of
Northern Yucatan Kinship systems based on linguistic and ethnographic data, Clifford Brown
notes regional and temporal variation in Maya kinship patterns but suggests premodern
Yucatecan Maya peoples likely followed some form of patrilineal and patrilocal kinship similar
to highland Maya peoples (2006: 542-571). As with many groups in Mesoamerica, Yucatec Maya
kinship and political systems changed during the Historic Period due to the impacts of
colonization. Though the period of balkanization after the collapse of Mayapán likely also led to
changes in these structures, the political lineages during the colonial period formed within ranked
patrilocal patrilineages that were linked to towns and territories (Brown 1999; Roys 1962).
However, many of the ethnographic accounts were derived from towns and small-scale
communities that were exceedingly smaller and less stratified than the aggregated population
living within a fortified walled urban cityscape during the Postclassic Period.

Restall and Gbbert (2017) note that Mayan-speaking groups in the Yucatan Peninsula at the
beginning of the colonial period did not share a common ethnic identity or a broader community
consciousness within Yucatecan Mayan speakers (Restall and Gabbert 2017). Instead, Colonial
Maya social organization and affiliations were structured within 1) the geographical
entity/residential core (i.e. municipal community; Cah in Mayan) and its affiliated agricultural
territory and 2) the patronym-group (chibal in Mayan) (Restall 2018). Class membership within
the stratified structure was recognized within each cah and impacted nearly every facet of an
individual’s life. Members of extended families within a cah formed multi-chibal alliances and
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chilalob were often found in multiple cahob. This is significant in terms of modeling ancient
kinship systems and the level of endogamy across the Yucatan because group affiliations within
cahob and between the chibalob (Restall and Gabbert 2017:102-103). As the chibalob were
exogamous and adhered to strict taboos and customs, this resulted in a complex pattern of Maya
mobility between multiple cahob. This social structure may have influenced the modern
phylogenetic features observed within Mayan-speaking populations that suggests a demographic
scenario of moderate local endogamy, geographic isolation, and episodes gene flow (GonzálezMartín et al. 2015; Söchtig et al. 2015). As mitochondrial DNA only represent the maternal
lineage, future research will focus on the Y-chromosome and patterns of relatedness with the
polity.

Concluding remarks

The goal of this dissertation was to explore the population history and population dynamics at the
last major regional capital in the Maya region of the Yucatan Peninsula and examine the broader
impacts of population aggregation and migration on the urban population at Mayapán. Based on
the application of a multidisciplinary approach, this dissertation research demonstrates the utility
of integrating multiple analytical methods and generate new data to improve our understanding of
the premodern urbanization process. This research found that the urbanized population at the
regional capital of Mayapán consisted of a diverse population with connections across the
Northern Yucatan Peninsula. Though this is consistent with many hypotheses from previous
research and ethnohistoric observations, the results shed new light on our understanding of the
migration structure, dietary dynamics, and genetic heterogeneity of the polity.
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This study has provided new insight into the population dynamics of urban residents. In terms of
political cycling and resilience, the polity integrated local and regional populations from the
Northern Yucatan and maintained a subsistence economy derived from maize agriculture and
terrestrial animals. The persistent pattern of regional immigration and the lack of significant
dietary differences among and between temporal periods and socioeconomic categories sheds
light on the political and economic organization of the city. As this research has shown, there
were significant temporal differences in the diets and origins of victims in casualties compared to
the general urban population that may support diachronic shifts in violence against foreign
residents of the city during the formation and collapse of the polity between the 13th through 15th
centuries. Although this study did not generate enough analytical data to identify adequate trends
in the genomic history of the polity, the mitogenomic analysis has provides a first glimpse of the
genetic history of Mayapán and provides a framework for future analyses.

205

Appendix A

Coordinacion Nacional de Arqueologia y el Consejo de Arqueologia Permit:
Document authorizing the analysis of the Mayapán human remains. This document is issued in
Spanish and was signed by a representative of the ‘Coordinación Nacional de Asuntos Jurídicos,
INAH’, who is responsible of issuing research permits. This permits the analytic sampling of
human skeletal materials for ancient DNA, AMS radiocarbon dating, and stable isotopes.
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Appendix B

Confidentiality and non-disclosure agreement regarding genetic data of
indigenous populations
Document authoring the research/ethics terms regarding access to the sequence data from the
Maya indigenous Mesoamerican population referenced in the Annals of Human Biology. Access
to the Ch’ol Maya mitogenome dataset was obtained under a strict confidentiality agreement with
Dr. Fuzuki Mizuno and all of the collaborative researchers in Mizuno et al. (2014).
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Appendix C

Burial information for Mayapán samples
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Sample
ID

Project/Year

Sample
material

Provenience and notes

Period

Burial
Status

Age
Categ

Sex

MNI

MP001

MY'96

unspecified
bone

Q.79, Cuadro 19-N, Lot 3409, Burial 15

MMP

casualty

4

F

1

MP002

MY'96

cranial

Q.79, Cuadro 21-O, Lot 3441-1, Burial 18,
same individual as MP279

MMP

casualty

2

U

1

MP003

MY'96

unspecified
bone

Q.79, Cuadro 22-O, Lot 3442-1, Burial 19

MMP

casualty

3

U

1

MP004

MY'96

unspecified
bone

Q.79, Cuadro 25-Q, Lot 3505, Burial 20,
same individual as MP277

MMP

casualty

3

U

1

MP005

MY'96

unspecified
bone

Q.80, Cuadro 16-H, Lot 3226, Burial 12

MMP

casualty

U

U

2

MP006

MY'96

cortical

Q.80, Cuadro 19-N, Lot 3409, Burial 16

MMP

casualty

2

U

1

MP007

MY'96

unspecified
bone

Q.162/Q.162c, Cuadro 16-D, Lot 0136,
Burial 2

LMP

casualty

2

U

1

MP008

MY'96

cranial

Q.162/Q.162c, Cuadro 16-E, Lot 136,
Burial 3

LMP

casualty

2

U

2

MP009

MY'96

cortical

Q.162/Q.162c, Cuadro 16-E, Lot 136,
Burial 4 and 5

LMP

casualty

U

U

3

MP010

MY'96

unspecified
bone

Q.162/Q.162c, Cuadro 16-E, Lot 136,
Burial 7

LMP

casualty

3

M

1

MP011

MY'96

unspecified
bone

Q.162/Q.162c, Cuadro 16-E, Lot 136,
Burial 17

LMP

casualty

2

U

1
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Sample
ID

Project/Year

Sample
material

Provenience and notes

Period

Burial
Status

Age
Categ

Sex

MNI

MP012

MY'96

cranial

Q.162/Q.162c, Cuadro 16-E, Lot 136-1,
Burials 8 and 9

LMP

casualty

2

U

2

MP013

MY'96

cortical and
cranial

Q.162/Q.162c, Cuadro 16-E, Lot 0136-1,
Burial 10

LMP

casualty

2

U

1

MP014

MY'96

cortical

Q.162/Q.162c, Cuadro 16-E, Lot 136-1,
Burial 11

LMP

casualty

3

M

2

MP015

MY'97

unspecified
bone

Q.88c, Cuadro 9-H, Lot 4359, Burial 26

EMP

elite

U

U

8

MP016

MY'97

unspecified
bone

Q.152, Cuadro 26-P, Lot 4776, Burial 27

MMP

casualty

U

U

5

MP017

MY'97

cortical

Q.152c, Cuadro 33-V, Lot 5083-4, Burial
28

EPC

elite

4

F

1

MP018

MY'97

cranial

Q.162, Cuadro 21-D, Lot 0171-2, Burial
25

LMP

casualty

4

F

1

MP019

MY'98

cortical and
cranial

Q.72, Cuadro 5-Z, Lot 7005-1, Burial 30

MMP

elite

3

U

1

MP020

MY'98

cranial

Q.72, Cuadro 5-Z, Lot 7005-1, Burial 31

MMP

elite

4

F

1

MP021

MY'98

cranial

Q.72, Cuadro 13-R, Lot 6693, Burial 32

EMP

elite

3

U

5

MP022

MY'97

unspecified
bone

Q.152/Q.152c, 28-O, Lot 4728-1, Burial
29

MMP

casualty

3

U
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MP023

RESCCARR-MTTB'98
RESCCARR-MTTB'98
RESCCARR-MTTB'98

cranial

R.106, Cuadro 8-M, Burial 3

EPC

elite

U

U

2

cranial

R.106, Cuadro 15-L, Pozo 3, Lot 0645-1,
Burial 4

MMP

elite

U

U

5

cortical

R.112, Cuadro 10-G, Lote 1330-1, Burial
1

EMP

commo
ner

3

M

1

MP024
MP025
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Sample
ID

Project/Year

Sample
material

Provenience and notes

Period

Burial
Status

Age
Categ

Sex

MNI

cortical

R.112, Cuadro 8-P, Lot 1508-3, Burial 2

EMP

commo
ner

4

F

1

unspecified
bone

R.112, Cuadro 8-D, Lot 1608-2

MMP

commo
ner

4

F

1

MP029

RESCCARR-MTTB'98
RESCCARR-MTTB'98
MY'98

cranial

R.183b, Cuadro 5-E, Lot 2045-5, Burials 6
and 7

EMP

elite

U

U

2

MP030

MY'98

cortical

R.183b, Cuadro 5-E, Lot 2045-6, Burials 8
and 9

EMP

elite

U

U

2

MP031

MY'98

unspecified
bone

R.183b, Cuadro 7-E, Lot 2047-2, Burial 10

EMP

elite

2

U

1

MP032

cortical

Y.43b, Cuadro 10-K/9-K, Lot 2430-3,
Burial 13

EMP

elite

3

F

1

cranial

Y.43b, Cuadro 6-J, Lot 2386-3, Burial 14

EMP

elite

U

U

5

cortical and
cranial

Y.44, Lot 2827-2, Burials 11 and 12

EMP

commo
ner

U

U

5

MP035

RESCCARR-MTTB'98
RESCCARR-MTTB'98
RESCCARR-MTTB'98
MY'99-00

cranial

Q.89, Cuadro 10-H, Lot 8150, Burial 37

EMP

casualty

U

U

5

MP036

MY'99-00

cranial

Q.89, Cuadro 10-F, Lot 8110-III, Burial 39

EMP

casualty

3

U

1

MP038

MY'99-00

cortical

Q.94, Cuadro 17-Y, Lot 9237-1, Burial 34

EMP

commo
ner

3

M

1

MP039

MY'99-00

cortical

Q.94, Cuadro 11-X, Lot 9201-1, Bural 36

MMP

commo
ner

U

U

6

MP040

MY'99-00

cortical

Q.95, Cuadro 27-J, Lot 8797, Burial 35

EPC

elite

4

M

1

MP042

MY'01

unspecified
bone

Q.58, Cuadro 11-T, Lot 1581, Burial 48

MMP

commo
ner

4

M

1

MP026
MP027

MP033
MP034
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Sample
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Provenience and notes
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Burial
Status

Age
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Sex

MNI

MP043

MY'01

unspecified
bone

Q.58, Cuadro 11-K, Lot 1311-1, Burial 49

MMP

commo
ner

4

F

1

MP044

MY'02

cortical

Q.67, Cuadro 2-H, Lot 1212, Burial 50

EMP

commo
ner

4

M

1

MP045

MY'02

cortical

Q.68, Cuadro 7-R, Lot 1517, Burial 51

EMP

commo
ner

3

F

1

MP046

MY'01

cranial

Q.92, Cuadro 1-E, Lot 0441-1, Burial 40

EMP

commo
ner

2

U

1

MP047

MY'01

cranial

Q.92, Cuadro 1-E, Lot 0441-1, Burial 41

MMP

commo
ner

3

F

1

MP048

MY'01

cortical

Q.92, Cuadro 1-E, Lot 0441-1, Burial 43

EPC

commo
ner

4

M

1

MP050

MY'01

cranial

Q.93, Cuadro 8-M, Lot 0528-1, Burial 46

MMP

commo
ner

3

F

1

MP051

MY'01

unspecified
bone

Q.58, Cuadro 11-K, Lot 1311-1, Burial 47

MMP

commo
ner

4

F

1

MP052

MY'02

cranial

Q.67, Cuadro 8-J, Lot 1278-1, Bural 53

MMP

commo
ner

3

M

1

MP053

MY'02

cranial

Q.67, Cuadro 4-J, Lot 1274-2, Burial 54

MMP

commo
ner

2

U

1

MP054

MY'02

cranial

Q.68, Cuadro 8-P, Lot 1458-1, Burial 52

MMP

commo
ner

2

U

1

MP055

PEMY'03

cortical and
cranial

L.28, Pozo 4, Level 5, Burial 03-05

EMP

commo
ner

3

U

1

MP057

MY'03

cortical and
cranial

Q.54, Cuadro 12-L, Lot 2232, Burial 56

MMP

elite

3

F

1

MP058

MY'03

unspecified
bone

Q.54, Cuadro 10-J, Pozo 68, Lot 2190-2,
Burial 57

MMP

elite

4

F

1

MP059

PEMY'03

cranial

RS.29, Milpa 11, Level 8, Lot 2310, Burial
03-07

EMP

commo
ner

U

U

2
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Project/Year
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material

Provenience and notes
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Burial
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Age
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Sex

MNI

MP060a

PEMY'03

cortical

RS.38, Milpa 7, Level 6, Lot 2207, Burial
03-06

MMP

commo
ner

U

M

2

MP061

PEMY'03

cranial

L.28, Cuadro E-9, Level 2, Burial 03-03

TC

commo
ner

2

U

1

MP062

PEMY'03

cranial

RS.13, Milpa 17, Level 7, Lot 1573, Burial
03-04

TC

commo
ner

3

U

1

MP063

PEMY'03

cranial

P.114, Pozo 43, Level 6, Lot 2017, Burial
03-02

MMP

commo
ner

1

U

1

MP064

MY'04-05

cranial

Q.141, Cuadro 5-M, Lot 3765-1, Burial 58

MMP

elite

4

M

1

MP065

MY'04-05

cortical

Q.149, Cuadro 10-K, Lot 3210-1, Burial
59

MMP

elite

3

U

7

MP067

PEMY'08

cortical

H.11, Cuadro 6-J/6-K, Level 3, Lot 5046,
Burial 08-02

EPC

commo
ner

3

F

1

MP070

MY'09

cranial

Q.99, Cuadro 19-C, Lot 4079-1, Burial 62

MMP

elite

2

U

1

MP071

MY'09

cortical

Q.99, Cuadro 21-G, Lot 4201-1, Burial 63

EMP

elite

3

F

1

MP072

PEMY'09

unspecified
bone

Q.176a, Pozo 1, Level 3, Lot 8553, Burial
09-06

EMP

elite

1

U

1

MP073

PEMY'09

cortical

Q.39, Cuadro 6-E/7-E, Level 3, Lot 8095,
Burial 09-04

MMP

elite

U

U

5

MP074

PEMY'09

cortical

Q.39, Cuadro 6-E/7-E, Level 3, Lot 8096,
Burial 09-05

EMP

elite

U

U

1

MP075

PEMY'09

Q.40a, Cuadro 7-C/8-C, Pozo 1, Level 3,
Lot 8255, Burial 09-07

EMP

elite

4

M

1

MP077

PEMY'09

tooth,
premolar, and
cortical
cortical

I.55a, Cuadro 23-D, Level 1, Lot 6149,
Burial 09-01

EMP

commo
ner

3

F

1
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MP078

PEMY'09

cranial

I.55a, Cuadro 22-Da, Level 2, Lot 6160,
Burial 09-02

EMP

commo
ner

3

M

1

MP081

MY'98

cranium

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR11

MMP

elite

3

F

1

MP082

MY'98

cranium

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR07

EMP

elite

3

M

1

MP083

MY'98

cranium

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR08

MMP

elite

3

F

1

MP084

MY'98

unspecified
bone

Cenote San Jose, Cuadro 1-C/1-F, Lot
041-3

MMP

elite

3

U

1

MP086

MY'98

unspecified
bone

Cenote San Jose, Cuadro 4-F, Lot 104-3

MMP

elite

3

U

1

MP088

2013

tooth

Sac Uayum, same individual as MP089,
MP090, MP091

MMP

elite

U

U

1

MP090

2013

femur

Sac Uayum, same individual as MP088,
MP089, MP091

MMP

elite

U

U

1

MP091

2013

cortical

Sac Uayum, same individual as MP088,
MP089, MP090

MMP

elite

U

U

1

MP092
(MP093)

MY'97

skull

Q.162a, Lot 1988-1, skull inside niche

EPC

elite

4

M?

1

MP095

MY'96

radius

Q.162/Q.162c, Cuadro 16-E, Lot 0136-1,
Burial 11

LMP

casualty

3

M

1

MP096

MY'96

vertebra,
thoracic

Q.162/Q.162c, Cuadro 16-E, Lot 0136-1,
Burial 11

LMP

casualty

3

M

1

MP097

MY'96

rib

Q.162/Q.162c, Cuadro 16-E, Lot 0136-1,
Burial 11

LMP

casualty

3

M

1

MP098

MY'96

rib

Q.79a, Cuadro 25-P/25-Q, Lot 3505,
Burial 21

MMP

casualty

3

F

1

MP101

MY'97

tooth, canine,
left 1

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR5, same individual as MP110

MMP

elite

4

M

1
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MP102

MY'97

tooth, molar,
left 1

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR2

EMP

elite

2

U

1

MP103

PEMY'03

tooth, molar,
right 1

H.15, Cuadro 20-E, Pozo 51A, Level 1,
Lot 2069

EMP

casualty

3

U

20

MP104

PEMY'03

tooth, molar,
right 1

H.15, Cuadro 20-E, Pozo 51A, Level 3,
Lot 1579

MMP

casualty

3

U

20

MP105

MY'97

cranial

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR1

MMP

elite

U

M

2

MP106
(MP107)

MY'97

unspecified
bone

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR2

MMP

elite

3

U

1

MP107
(MP106)

MY'97

unspecified
bone

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR2

MMP

elite

3

M?

1

MP108

MY'97

cranial

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR3

MMP

elite

3

F?

1

MP109

MY'97

cranial

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR4

EMP

elite

3

F?

1

MP111
(MP099)

MY'97

unspecified
bone

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR12

MMP

elite

3

U

3

MP112

MY'97

cranial

Q.152, Cuadro 26-P, Lot 4776, Burial 27

EMP

casualty

U

U

5

MP113

MY'97

cortical

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP114

MY'97

cortical

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP117

MY'97

cortical

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP122

MY'97

femur, right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP123

MY'97

femur, right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

EMP

casualty

3

U

20
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MP124

MY'97

femur, right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

EMP

casualty

3

U

20

MP126

MY'97

femur, right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP127

MY'97

femur, left

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

MMP

casualty

3

U

20

MP128

MY'97

femur, right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29

EMP

casualty

3

U

20

MP130

MY'97

cortical

Q.152/Q.152c, Cuadro 28-O, Lot 4730

MMP

casualty

3

U

20

MP131b

MY'97

unspecified
bone

Q.152/Q.151, Cuadro 31-E, Lot 4231-1

EMP

casualty

U

U

5

MP132

MY'96

unspecified
bone

Q.79a, Cuadro 25-Q, Lot 3505, Burial 21

MMP

casualty

3

F?

1

MP133
MP134
MP136

PEMY'08
MY'96
MY'02

cortical
cortical
cortical

H.15, Cuadro 20-D, Level 8, Lot 4230
Q.79, Cuadro 18-O, Lot 3438
Q.66, Cuadro 6-D, Lot 1096

EMP
EMP
EMP

3
U
3

U
U
U

20
1
1

MP143
MP149
MP151

MY'03
MY'01
MY'98

cortical
cortical
unspecified
bone

Q.54, Cuadro 18-E, Lot 2098
Q.58, Cuadro 17-U, Lot 1617
Q.70, Cuadro 23-R, Lot 6703

MMP
EMP
EMP

casualty
casualty
commo
ner
elite
casualty
elite

3
3
2

U
U
U

1
1
1

MP154
MP156
MP157

MY'01
MY'99
MY'02

cortical
cranial?
cancellous

Q.61, Cuadro 3-F, Lot 0653
Q.64, Cuadro 9-Q, Lot 0329
Q.67, Cuadro 3-H, Lot 1213

MMP
MMP
EPC

3
3
3

U
U
U

1
1
1

MP160

MY'01

cortical

Q.92, Cuadro 1-F, Lot 0451-1, Burial 45

EPC

elite
elite
commo
ner
commo
ner

3

F?

1

MP161

MY'97

cranial

Q.88, Cuadro 10-G, Lot 4310

LMP

elite

3

U

1
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MP162

MY'03

cranial

Q.54, Cuadro 17-F, Lot 2117, Burial 55

LMP

elite

2

U

1

MP163

MY'01

cancellous

Q.57, Cuadro 5-V, Lot 1635-1

MMP

2

U

1

MP164

MY'01

cranial?

Q.57, Cuadro 5-V, Lot 1635-1

MMP

2

U

1

MP166
MP167

MY'98
MY'98

cortical
cortical and
cranial

Q.72a, Cuadro 10-Y, Lot 6970
Q.72, Cuadro 12-S, Lot 6732

MMP
MMP

commo
ner
commo
ner
elite
elite

3
3

M
F

1
1

MP168

MY'96

cortical

Q.79, Cuadro 20-M, Lot 3380, Burial 24

MMP

casualty

3

M

1

MP169

MY'99-00

cortical and
cranial

Q.90, Cuadro 9-N, Lot 8269-3, Burial 38

MMP

elite

3

U

4

MP175
MP176

MY'97
PEMY'15

cortical
cortical

Q.151, Cuadro 34-O, Lot 4734
Jabah 20P.7a, Cuadro 8-J, Level 2, Lot
10050, Burial 15-01

MMP
TC

elite
commo
ner

3
3

U
F?

1
1

MP177
MP178

CIW
CIW

cortical
cranial

Q.95, Lot C-29
K.67a, Lot A-539, Burial 10

EMP
LMP

4
4

M
M

1
1

MP180

CIW

cranial

Q.95, Lot C-30-b, chultun below burial
shaft temple

EMP

casualty
commo
ner
casualty

4

M

1

MP183
MP184
MP185

MY'99
MY'98
???

cranial
cranial
cortical and
cranial

Q.64, Cuadro 13-J, Lot 0193-1
Q.72, Cuadro 4-V, Lot 6844-1
Est. 4?, Cuadro 9-E, Lot 1289-1(a)

MMP
MMP
TC

elite
elite
???

1
1
3

U
U
U

1
1
1

MP186
MP187

MY'09
MY'97

cranial
cranial

Q.99, Cuadro 19-G, Lot 4199
Q.83, Cuadro 3-E, Lot 4203, Pasillo, same
individual as MP198

LMP
EMP

elite
elite

3
3

U
U

1
1

MP188

PEMY'03

cortical

Milpa 1A, P.115b, Pozo 39, Level 2, Lot
1001, Burial 03-09

EMP

commo
ner

3

U

1
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MP190

MY'98

cortical

R.183b, Cuadro 5-E, Lot 2045-3, Burial 5

MMP

elite

3

F

1

MP193

MY'07

cortical and
cranial

Q.140, Cuadro 15-E, Pozo 77, Lot 3532-1,
Burial 60

MMP

elite

U

U

2

MP196

PEMY'09

cortical and
cranial

Q.40a, Cuadro 7-C/8-C, Pozo 1, Level 4,
Lot 8265, Burial 09-09

MMP

elite

3

M

1

MP198

MY'97

cranial

Q.83, Cuadro 3-E, Lot 4203, Pasillo, same
individual as MP187

MMP

elite

U

U

1

MP200

SMC'15

femur, right
proximal
diaphysis
(posterior)

L.74a (15), Cuadro 6-J, Burial 1

LMP

commo
ner

3

F

1

MP201

SMC'15

femur, right
mid-shaft

L.74a (15), Cuadro 6-J, Burial 2,
Individual 1

EMP

commo
ner

3

M

1

MP202

SMC'15

femur, right
distal

L.74a (15), 6-I, Burial 2, Individual 2

EMP

commo
ner

3

F?

1

MP203

SMC'15

right femur
distal shaft

L.69a (20), Cuadro 7-E, Burial 3,
Individual 1

EMP

commo
ner

3

F?

1

MP207

SMC'15

femur, right

R.111 (47), Cuadro 10-E, Burial 7

EMP

2

U

1

MP208

SMC'15

femur, left

R.111 (47), Cuadro 10-E, Burial 8,
Individual 1

LMP

commo
ner
commo
ner

1

U

2

MP209

SMC'15

femur, left

R.148 (53), Cuadro 7-I, Burial 9,
Individual 6

MMP

commo
ner

3

M

6

MP211

SMC'15

tibia, right

R.183a (55), Cuadro 31-G, Burial 11,
Individual 1

MMP

elite

4

M?

3

MP213

SMC'15

femur, right
mid-shaft

R.183a (55), Cuadro 12-I, Burial 15

LMP

elite

2

U

1

MP214

SMC'15

femur, right
distal midshaft

R.188b (56), Cuadro 10-I/10-J, Burial 16,
Individual 1

LMP

elite

3

M

4

221

Sample
ID

Project/Year

Sample
material

Provenience and notes

Period

Burial
Status

Age
Categ

Sex

MNI

MP216

SMC'15

femur, right
mid-shaft

R.191a (58), Cuadro 10-I, Burial 21

EMP

commo
ner

4

F

1

MP219

SMC'15

femur, right
mid-shaft

R.189b (57), Cuadro 6-I, Burial 24

EMP

elite

3

F

1

MP220

SMC'15

humerus, left
mid shaft

Y.33 (61), Cuadro 13-I, Burial 26

MMP

commo
ner

2

U

1

MP221

PEMY'03

tooth, molar,
right upper 1

H.15, Pozo 51A, Level 2, Lot 2070

MMP

casualty

3

U

20

MP222

PEMY'08

tooth, molar,
right 1

H.15, Cuadro 21-F, Lot 4044

MMP

casualty

3

U

20

MP224

PEMY'08

tooth, molar,
right upper 1

H.15, Cuadro 20-F, Lot 4094

EMP

casualty

3

U

20

MP225

PEMY'08

temporal, left

H.11, Cuadro 6-J/6-K, Level 3, Lot 5046,
Burial 08-02, Individual 1

EPC

commo
ner

4

M

1

MP226

MY'97

temporal/petr
ous, right

Q.88c, Cuadro 9-H, Lot 4359, Burial 26
CR6

EMP

elite

4

M

1

MP227

MY'98

tooth, molar,
left upper 1

Cenote San Jose, Cuadro 1-F, Lot 101-3,
CR1

MMP

elite

3

M

1

MP228

MY'98

temporal/petr
ous, left

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR1

MMP

elite

3

M

1

MP229

MY'98

temporal/petr
ous, left

Cenote San Jose, Cuadro 3-C, Lot 043-3,
CR1

MMP

elite

4

M

1

MP230

MY'98

temporal/petr
ous, left

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR2

EMP

elite

3

F

1

MP231

MY'98

tooth, molar,
left upper 1

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR6

EMP

elite

4

M

1

MP232

MY'98

tooth,
premolar, left
upper 2

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR9

EMP

elite

3

F

1
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MP233

MY'98

Cenote San Jose, Cuadro 4-F, Lot 104-3,
CR13

EMP

elite

3

M

1

MP236

SMC'15

tooth,
premolar, left
upper 1
femur, right
shaft

L.69a (20), Cuadro 7-E, Burial 3,
Individual 2

EMP

commo
ner

3

M?

1

MP237

SMC'15

femur, left
shaft

L.69a (20), Cuadro 7-E, Burial 3,
Individual 3

MMP

commo
ner

2

U

1

MP238

SMC'15

humerus,
right distal

L.69a (20), Cuadro 7-E, Burial 3,
Individual 4

MMP

commo
ner

3

F?

1

MP239

SMC'15

femur, left
shaft

L.69a (20), Cuadro 7-E, Burial 3,
Individual 5

EMP

commo
ner

4

M

1

MP240

SMC'15

femur, right
distal

L.69a (20), Cuadro 7-E, Burial 3,
Individual 6

MMP

commo
ner

3

M

1

MP241

SMC'15

femur, left
mid shaft

R.8 (31), Cuadro 9-C, Burial 4, Individual
2

EMP

commo
ner

4

M?

4

MP242

SMC'15

femur, left

R.8 (31), Cuadro 9-C, Burial 4

MMP

3

F

4

MP243

SMC'15

femur, right

R.8 (31), Cuadro 9-C, Burial 4

EMP

1

U

4

MP244

SMC'15

femur, right
mid-shaft

R.6 (34), Cuadro 10-H, Burial 5

EMP

commo
ner
commo
ner
commo
ner

4

F

2

MP245

SMC'15

femur, left

R.111 (47), Cuadro 10-E, Burial 8,
Individual 2

MMP

commo
ner

1

U

2

MP246

SMC'15

femur, right

R.148 (53), Cuadro 7-I, Burial 9,
Individual 5

LMP

commo
ner

3

F

6

MP248

SMC'15

femur, right

R.4 (36), Cuadro 5-D, Burial 10

MMP

2

U

3

MP249

SMC'15

femur, right

R.183a (55), Cuadro 31-G, Burial 11,
Individual 2

LMP

commo
ner
elite

4

F

3

MP250

SMC'15

femur, left

R.183a (55), Cuadro 31-G, Burial 11,
Individual 2

EMP

elite

4

M

3
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MP251

SMC'15

femur, left
proximal

R.183a (55), Cuadro 31-G, Burial 11,
Individual 3

MMP

elite

4

F

3

MP252

SMC'15

mandible, left

R.188a (56), Cuadro 5-G/6-G, Burial 13

MMP

elite

3

M?

1

MP253

SMC'15

femur, left
proximal

R.188b (56), Cuadro 8-G, Burial 14

EPC

elite

3

U

1

MP254

SMC'15

femur, left

R.188b (56), Cuadro 10-I, Burial 16,
Individual 4

MMP

elite

2

U

4

MP255

SMC'15

R.188b (56), Cuadro 10-I, Burial 16,
Individual 2

MMP

elite

3

M

4

MP256

SMC'15

femur, right
distal midshaft
femur, right
proximal
mid-shaft

R.189b (57), Cuadro 3-G, Burial 17

EMP

elite

2

U

1

MP258
MP259

SMC'15
SMC'15

femur, right
unspecified
bone

R.183a (55), Cuadro 16-F, Burial 23
R.189b (57), Cuadro 6-H, Pozo 1, Burial
25

MMP
MMP

elite
elite

3
2

F
U

1
1

MP260

PEMY'09

femur, left
(tibia?)

Q.39, Cuadro 6-E/7-E, Pozo 3, Level 2,
Lot 8093, Burial 09-03

MMP

elite

3

F

1

MP262

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR1

EMP

casualty

3

U

1

MP263

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR4

EMP

casualty

3

M

1

MP264

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR5

MMP

casualty

3

U

1

MP265

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR6

MMP

casualty

3

M

1

MP266

MY'97

temporal,
right

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR7

EMP

casualty

2

F

1
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MP267

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR8b

EMP

casualty

3

M

1

MP268

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR9

EMP

casualty

3

F?

1

MP269

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR10

EMP

casualty

3

M

1

MP270

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR11

EMP

casualty

3

U

1

MP272

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR13

MMP

casualty

3

F

1

MP273

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR14a

EMP

casualty

3

M

1

MP274

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR16

EMP

casualty

3

F?

1

MP275

MY'97

cranial

Q.152/Q.152c, Cuadro 28-O, Lot 4728-1,
Burial 29 CR18

EMP

casualty

3

M?

1

MP276
MP277

MY'98
MY'96

cortical
tooth

Q.72, Cuadro 3-Q, Lot 6643-3
Q.79a, Cuadro 25-P, Lot 3475, Burial 20,
same individual as MP004

EPC
MMP

elite
casualty

U
U

U
U

1
1

MP278
MP279

MY'01
MY'96

tooth
tooth

Q.58, Cuadro 16-Q, Lot 1496
Q.79a, Cuadro 23-O, Lot 3443, Burial 18,
same individual as MP002

MMP
MMP

elite
casualty

3
2

U
U

1
1

MP281
MP282A

MY'99-00
MY'03

cortical
unspecified
bone

Q.95, Cuadro 23-O, Lot 8943-1
Q.97, Cuadro 4-G, Lot 2864

MMP
MMP

elite
elite

U
U

U
U

4
4

MP282B

MY'03

unspecified
bone

Q.97, Cuadro 4-G, Lot 2864

MMP

elite

U

U

4

MY'99-00
MY'99-00

tooth, incisor
tooth, molar

Q.95, Cuadro 76-O, Lot 8936
Q.95, Cuadro 16-N, Lot 8906

MMP
MMP

elite
elite

U
U

U
U

4
4

MP283
MP284

225

MP292

MY'03

unspecified
bone

Q.97, Cuadro 26-L, Lot 2966

226

EMP

elite

3

U

1

Appendix D

Stable Isotope Data
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP001
MP002

MMP
MMP

Q.79/Q.79a
Q.79/Q.79a

1281 - 1390
1285 - 1388

>30kDa UF
>30kDa UF

-10.2
-10.7

8.2
9.7

48.5
48.1

17.5
17.0

3.24
3.29

Q.79/Q.79a

1280 - 1385

>30kDa UF

-9.6

8.9

47.1

17.5

3.15

Q.79/Q.79a
Q.80
Q.80
Q.162

1288 - 1394
1281 - 1387
1294 - 1397
1455 - 1624

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.7
-11.1
-10.3
-8.4

8.4
7.6
8.7
9.5

46.9
50.3
44.9
51.4

17.1
18.6
16.6
18.2

3.21
3.15
3.16
3.30

MP003
MP004
MP005
MP006
MP007

MMP
MMP
MMP
MMP
LMP

MP008

LMP

Q.162

1467 - 1635

>30kDa UF

MP009
MP010
MP011
MP012

LMP
LMP
LMP
LMP

Q.162
Q.162
Q.162
Q.162

1425 - 1465
1324 - 1431
1416 - 1446
1435 - 1487

MP013

LMP

Q.162

1423 - 1459

MP014
MP015

LMP
EMP

Q.162
Q.88c

1431 - 1479
1220 - 1272

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids
>30kDa UF
>30kDa UF

MP016

MMP

Q.152

1278 - 1388

>30kDa UF

MP017
MP018
MP019
MP020
MP021
MP022

EPC
LMP
MMP
MMP
EMP
MMP

Q.152c
Q.162
Q.72
Q.72
Q.72
Q.152c/Q.152

1020 - 1155
1442 - 1488
1306 - 1418
1281 - 1390
1223 - 1277
1281 - 1390

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.4
-9.1
-8.6
-10.0
-10.1
-9.3
-9.6

R.106

1022 - 1155

>30kDa UF

R.106
R.112
R.112

1278 - 1388
1050 - 1220
1223 - 1279

>30kDa UF
>30kDa UF
>30kDa UF

MP023
MP024
MP025
MP026

EPC
MMP
EMP
EMP
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-9.8
-9.9
-10.2
-8.9
-8.7

9.9

19.4

6.9

3.28

7.5
8.7
10.2
8.6

55.1
44.9
46.5
49.3

20.7
16.5
17.0
17.8

3.11
3.17
3.19
3.22

-8.4

9.4

26.5

9.6

3.21

-9.5
-10.9

8.5
11.1

46.4
47.9

17.3
17.5

3.12
3.19

8.6

47.0

17.4

3.15

8.9
9.5
8.9
8.6
9.0
8.3

43.5
44.7
50.9
45.3
45.4
47.7

15.9
15.9
18.6
16.2
16.7
17.6

3.18
3.28
3.20
3.27
3.18
3.17

-10.3

8.7

37.9

13.5

3.28

-11.6
-9.8
-10.4

8.3
8.0
8.5

47.1
44.4
45.7

17.4
16.2
16.7

3.15
3.21
3.19

Sample
ID

Period

Structure

2σ cal AD

Pretreat

MP027

MMP

R.112

1282 - 1390

>30kDa UF

MP029
MP030
MP031

EMP
EMP
EMP

R.183b
R.183b
R.183b

1263 - 1292
1247 - 1287
1270 - 1299

MP032

EMP

Y.43b

1058 - 1225

>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids

MP033

EMP

Y.43b

1256 - 1289

MP034

EMP

Y.44

1271 - 1384

MP035

EMP

Q.89

1184 - 1265

Q.89

1154 - 1258

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

9.1

50.9

18.7

3.17

8.7
9.4
8.9

47.0
47.8
47.2

17.6
17.7
17.3

3.12
3.14
3.18

8.0

16.7

5.8

3.34

9.4

23.0

8.4

3.20

-9.8

9.2

27.4

10.0

3.18

-9.9

8.6

45.0

16.6

3.17

-9.3

6.9

22.3

8.0

3.24

-9.5

7.3

36.2

13.2

3.21

-9.4

9.1

20.8

7.6

3.20

-10.0
-9.9
-9.5

8.0
9.3
8.9

47.1
46.8
47.9

17.7
17.4
17.9

3.11
3.14
3.13

8.5

45.9

16.4

3.27

8.8
9.4

44.9
46.4

16.7
16.6

3.13
3.25

8.6

46.1

17.2

3.13

9.0

46.9

17.6

3.12

8.6
8.6

45.4
44.9

16.2
16.2

3.26
3.23

-9.8
-10.8
-10.5
-10.5
-10.6

XAD Aminos

-9.7

MP038

EMP

Q.94

1272 - 1379

MP039

MMP

Q.94

1278 - 1388

MP040
MP042
MP043

EPC
MMP
MMP

Q.95
Q.58
Q.58

773 - 961
1282 - 1388
1276 - 1387

XAD Amino
Acids
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
>30kDa UF
>30kDa UF

MP044

EMP

Q.67

1056 - 1222

>30kDa UF

MP045
MP046

EMP
EMP

Q.68
Q.92

1268 - 1380
1169 - 1256

>30kDa UF
>30kDa UF

-9.2
-9.6
-9.6

Q.92

1284 - 1390

>30kDa UF

-10.4

MP036

MP047

EMP

MMP

MP048

EPC

Q.92

1039 - 1161

>30kDa UF

MP050
MP051

MMP
MMP

Q.93
Q.58

1276 - 1387
1285 - 1392

>30kDa UF
>30kDa UF

-8.6
-9.5
-11.3
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Sample
ID

Period

Structure

2σ cal AD

MP052

MMP

Q.67

1276 - 1387

MP053

MMP

Q.67

MP054

Pretreat

10.2

3.26

1277 - 1383

-10.4

10.0

47.5

17.6

3.14

Q.68

1278 - 1385

>30kDa UF

-9.5

12.0

46.4

17.2

3.15

L.28
Q.54
Q.54

1224 - 1284
1287 - 1393
1292 - 1396

>30kDa UF
>30kDa UF
>30kDa UF

-10.0
-12.3
-9.6

8.2
7.2
9.1

46.1
46.3
46.0

17.1
16.5
16.5

3.15
3.28
3.26

8.9

45.4

16.1

3.29

8.0

47.3

17.5

3.15

-11.0

8.8

18.6

6.7

3.23

-10.9

8.4

20.1

7.4

3.18

-7.1

11.3

27.1

9.8

3.23

-10.7

8.2

47.4

17.0

3.26

-9.1

9.1

26.7

9.6

3.25

-7.9
-10.3
-9.8
-6.9

10.8
8.6
8.5
11.3

51.3
49.2
41.4
45.8

19.1
18.2
15.0
16.3

3.13
3.15
3.21
3.29

-9.4

9.4

23.3

8.3

3.29

-10.0

10.1

27.1

9.8

3.22

9.5

46.0

16.5

3.26

8.0

45.5

16.6

3.21

8.6

20.0

7.4

3.17

RS.29

1271 - 1382

>30kDa UF

MP060a

MMP

RS.38

1304 - 1409

MP061

TC

L.28

680 - 770

MP062

TC

RS.13

MP063

MMP

P.114

1290 - 1395

MP064

MMP

Q.141

1282 - 1390

MP065

MMP

Q.149

1292 - 1396

MP067
MP070
MP071
MP072

EPC
MMP
EMP
EMP

H.11
Q.99
Q.99
Q.176a

1036 - 1160
1278 - 1388
1222 - 1276
1170 - 1276

MP073

MMP

Q.39

1297 - 1405

MP074

EMP

Q.39

1224 - 1284

>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
XAD Amino
Acids
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids

Q.40a

1263 - 1295

>30kDa UF

I.55a

1263 - 1292

I.55a

1050 - 1220

>30kDa UF
XAD Amino
Acids

EMP

C:N

28.6

EMP

MP078

%N

8.6

MP059

MP077

%C

-9.1

MP055
MP057
MP058

EMP
EMP

δ15NAIR(‰)

XAD Amino
Acids
>30kDa UF

MMP
EMP
MMP
MMP

MP075

δ13CVPBD(‰)

-10.6
-9.1

-9.6
-9.3
-9.8
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP080
MP081

MMP
MMP

Cenote San Jose
Cenote San Jose

1288 - 1394
1296 - 1399

>30kDa UF
>30kDa UF

-10.5
-9.4

9.0
9.1

46.2
41.8

16.5
15.5

3.28
3.14

MP082

EMP

Cenote San Jose

1265 - 1288

>30kDa UF

8.9

45.6

17.0

3.13

MP083
MP084

MMP
MMP

Cenote San Jose
Cenote San Jose

1290 - 1395
1285 - 1392

8.5
8.5

43.2
44.6

16.1
16.6

3.13
3.13

Cenote San Jose

1271 - 1391

-8.4

9.0

19.0

7.1

3.15

Sac Uayum

1294 - 1397

>30kDa UF
>30kDa UF
XAD Amino
Acids
>30kDa UF

-9.5

9.3

42.7

15.1

3.30

MP086
MP088

MMP
MMP

-11.1
-10.7
-9.7

MP092
(MP093)

EPC

Q.162a

1039 - 1161

>30kDa UF

-8.4

8.9

46.2

16.6

3.25

MP095
MP096
MP097
MP098
MP101
MP102

LMP
LMP
LMP
MMP
MMP
EMP

1326 - 1434
1414 - 1445
1421 - 1453
1299 - 1404
1276 - 1387
1265 - 1380

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-8.1
-7.9
-7.6
-8.9
-9.0
-10.8

10.0
10.5
10.7
9.0
10.0
11.5

37.6
43.8
46.0
44.9
39.1
36.0

13.9
16.1
17.0
16.7
13.9
12.6

3.16
3.17
3.16
3.15
3.28
3.32

1271 - 1384

>30kDa UF

-9.6

9.2

38.4

13.6

3.30

1277 - 1383

>30kDa UF

-9.5

9.5

28.4

10.1

3.28

1303 - 1413

>30kDa UF

-11.0

8.1

28.2

10.1

3.26

MP104

MMP

MP105

MMP

Q.162
Q.162
Q.162
Q.79/Q.79a
Q.88c
Q.88c
H.15 (Itzmal
Chen)
H.15 (Itzmal
Chen)
Q.88c

MP106
(MP107)

MMP

Q.88c

1288 - 1394

>30kDa UF

-10.2

9.2

25.7

9.1

3.29

MP108

MMP

Q.88c

1306 - 1426

>30kDa UF

-9.0

8.6

42.9

15.2

3.29

MP109

EMP

Q.88c

1252 - 1289

>30kDa UF

7.6

42.7

15.1

3.30

MP110
(bad
graphite)

MMP

Q.88c

9.3

42.7

15.1

3.30

MP103

EMP

-10.8

>30kDa UF

-10.3
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP111
(MP099)

MMP

Q.88c

1307 - 1420

>30kDa UF

-11.0

8.2

7.4

2.4

3.57

EMP
MMP
MMP
MMP

Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152

1168 - 1266
1296 - 1399
1287 - 1390
1285 - 1392

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.6
-8.6
-10.1
-10.0

10.1
11.4
10.1
8.6

26.6
47.5
39.4
44.0

9.4
16.4
14.3
16.0

3.30
3.37
3.22
3.21

>30kDa UF

-9.9

9.9

26.9

9.6

3.28

>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids

-8.2

11.3

23.5

8.5

3.24

-8.2

10.2

23.8

8.6

3.25

-8.5
-10.1

10.1
8.8

19.5
43.9

7.0
16.0

3.24
3.21

-9.0

8.5

24.4

8.8

3.23

-8.0

10.0

24.4

8.8

3.23

-9.2
-9.4
-9.1

8.5
9.2
8.9

24.8
47.6
40.4

8.8
17.0
14.6

3.28
3.27
3.24

-8.1

9.5

23.1

8.2

3.30

-8.2
-9.5

9.7
8.5

7.8
39.3

2.8
14.3

3.20

MP112
MP113
MP114
MP117
MP121
MP122
MP123
MP124
MP126
MP127
MP128
MP130
MP131b
MP132
MP133
MP134
MP136
MP143
MP149
MP151
MP154

Q.152c/Q.152
MMP

Q.152c/Q.152

1303 - 1407

EMP

Q.152c/Q.152

1263 - 1292

EMP
MMP

Q.152c/Q.152
Q.152c/Q.152

1263 - 1286
1279 - 1391

MMP

Q.152c/Q.152

1299 - 1404

EMP

Q.152c/Q.152

1220 - 1272
1298 - 1400
1273 - 1385
1292 - 1396

EMP

Q.152c/Q.152
Q.152/Q.151
Q.79/Q.79a
H.15 (Itzmal
Chen)

EMP
EMP

Q.79/Q.79a
Q.66

1164 - 1276
1159 - 1217

XAD Amino
Acids
>30kDa UF
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF

MMP

Q.54

1285 - 1392

>30kDa UF

-9.1

7.5

41.3

15.1

3.20

EMP
EMP
MMP

Q.58
Q.70
Q.61

1164 - 1248
1180 - 1256
1306 - 1411

>30kDa UF
>30kDa UF
>30kDa UF

-9.8
-7.8
-10.2

7.8
8.4
8.7

40.0
36.8
36.3

14.6
13.3
13.2

3.20
3.23
3.22

MMP
EMP
MMP

1181 - 1263
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP156

MMP

Q.64

1270 - 1390

>30kDa UF

-7.7

10.1

42.2

15.5

3.17

EPC
EPC
LMP
LMP

Q.67
Q.92
Q.88
Q.54

985 - 1029
1037 - 1183
1453 - 1631
1398 - 1439

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-10.6
-8.9
-11.3
-9.6

9.0
8.4
8.4
9.7

47.6
32.9
46.2
47.2

17.5
12.2
16.3
16.1

3.18
3.16
3.31
3.43

MMP

Q.57

1307 - 1420

>30kDa UF

-10.1

9.5

49.1

17.2

3.33

MMP

Q.57

1303 - 1407

-11.5

8.6

47.3

16.5

3.35

MMP

Q.72A

1296 - 1399

-9.9

8.4

26.9

9.5

3.32

MMP

Q.72

1296 - 1399

-9.1

8.5

46.7

16.2

3.36

MMP

Q.79/Q.79a

1290 - 1390

-8.3

10.2

30.6

11.0

3.25

MMP

Q.90

1285 - 1390

>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids

-9.4

8.5

20.9

7.4

3.30

-10.5

9.2

27.4

9.9

3.23

-9.5

8.4

33.2

11.9

3.25

-11.4

8.7

27.4

9.7

3.29

-9.6

9.4

27.1

9.4

3.35

-9.2

9.7

29.1

10.2

3.34

-9.3

9.4

29.7

10.5

3.28

-9.9

8.6

45.8

16.0

3.35

-10.1
-9.7

8.4
11.3

9.1
47.0

3.2
16.6

3.32
3.31

MP157
MP160
MP161
MP162
MP163
MP164
MP166
MP167
MP168
MP169
MP173
MP175
MP176
MP177
MP178
MP180
MP181
MP182
MP183

Q.95
MMP

Q.151

1300 - 1406

TC

Jabah 20P.7a

688 - 877

EMP

Q.95

1273 - 1385

LMP

K.67a

1415 - 1442

EMP

Q.95

1170 - 1260

H.18
H.18
Q.64

1303 - 1407

XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
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Sample
ID

Period

Structure

2σ cal AD

MP184

MMP

Q.72

1303 - 1407

MP185
MP186
MP187
MP188

TC
LMP
EMP
EMP

MP189
MP190
MP193

MP198
MP200
MP201
MP202
MP203

MMP
MMP

R.183b
Q.140
H.15 (Itzmal
Chen)

1301 - 1401
1299 - 1404

MMP

Q.40a

1275 - 1386

MMP
LMP

Q.83
L.74a (15)

1290 - 1398
1317 - 1421

EMP

L.74a (15)

1059 - 1284

EMP

L.74a (15)

1184 - 1265

EMP

L.69a (20)

1191 - 1266

EMP
LMP
MMP

R.8 (31)
R.111 (47)
R.111 (47)
R.148 (53)

1276 - 1382
1398 - 1439
1280 - 1388

EMP

R.183a (55)

1282 - 1388

MP204
MP207
MP208
MP209
MP211
MP212

770 - 945
1405 - 1440
1219 - 1265
1276 - 1382

Q.151

MP195
MP196

Q.99
Q.83
P-115b

R.112 (49)

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

>30kDa UF

-10.4

10.3

42.5

14.9

3.34

-10.9
-10.6
-9.3
-9.0

8.3
8.9
8.3
8.7

24.5
42.5
43.3
51.4

8.4
14.6
15.3
18.3

3.41
3.39
3.31
3.28

-9.8

8.5

11.9

4.1

3.35

>30kDa UF
>30kDa UF

-10.8
-9.5

8.9
10.2

41.3
38.9

14.4
13.6

3.35
3.34

>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
>30kDa UF
>30kDa UF

-10.9

9.5

45.8

16.5

3.24

-9.4

8.8

14.2

5.0

3.32

-9.4
-9.1

9.7
8.6

32.3
46.7

11.5
16.4

3.28
3.32

-10.7

7.8

6.2

2.2

3.22

-9.8

8.6

20.4

7.4

3.22

-10.1

8.6

7.9

2.7

3.37

-10.2
-9.2
-8.4
-9.6

7.8
9.3
12.2
9.2

9.9
45.5
41.9
42.6

3.5
16.1
14.7
15.0

3.28
3.29
3.32
3.31

>30kDa UF
XAD Amino
Acids

-11.0

8.8

42.2

15.0

3.28

-10.2

9.5

30.1

11.0

3.20

XAD Amino
Acids
>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids
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Sample
ID
MP213
MP214

Period

Structure

2σ cal AD

LMP

R.183a (55)

1406 - 1480

LMP

R.188b (56)
R.183a (55)

1451 - 1633

EMP

R.191a (58)

1184 - 1265

MP215
MP216
MP218
MP219
MP220
MP221
MP222
MP224
MP225
MP226
MP227
MP228
MP229
MP230
MP231
MP232
MP233

R.183a (55)

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

-8.8

8.8

15.7

5.5

3.32

-8.8
-7.7

9.2
11.3

12.6
43.5

4.5
15.6

3.26
3.25

-9.8

8.3

29.7

10.5

3.29

-9.4

8.8

22.2

8.0

3.24

XAD Amino
Acids
XAD Amino
Acids
>30kDa UF
XAD Amino
Acids
XAD Amino
Acids

EMP

R.189b (57)

1221 - 1280

>30kDa UF

-9.7

8.9

53.0

18.9

3.28

MMP

1287 - 1393

>30kDa UF

-8.8

9.6

53.6

19.1

3.27

1275 - 1389

>30kDa UF

-9.6

8.7

44.3

15.8

3.28

1299 - 1404

>30kDa UF

-10.1

9.2

42.1

15.0

3.29

EMP
EPC
EMP
MMP
MMP
MMP

Y.33 (61)
H.15 (Itzmal
Chen)
H.15 (Itzmal
Chen)
H.15 (Itzmal
Chen)
H.11
Q.88c
Cenote San Jose
Cenote San Jose
Cenote San Jose

1222 - 1276
1031 - 1155
1220 - 1275
1282 - 1390
1281 - 1392
1276 - 1387

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-8.3
-7.4
-10.4
-9.7
-10.1
-9.5

9.1
11.0
10.7
9.0
8.3
8.5

42.7
38.0
36.6
45.2
47.1
43.5

15.3
13.5
12.8
16.3
16.7
15.3

3.26
3.27
3.33
3.23
3.29
3.31

EMP

Cenote San Jose

1273 - 1385

-9.2

8.3

42.9

14.9

3.35

EMP
EMP
EMP

Cenote San Jose
Cenote San Jose
Cenote San Jose

1052 - 1215
1273 - 1385
1268 - 1380

-8.2
-9.8
-11.2

11.3
9.0
8.9

14.5
44.5
40.6

5.2
15.9
14.5

3.25
3.28
3.25

EMP
EMP

Cenote San Jose
L.74a (15)
L.69a (20)

1271 - 1382
1256 - 1289

>30kDa UF
XAD Amino
Acids
>30kDa UF
>30kDa UF
XAD Amino
Acids
>30kDa UF
>30kDa UF

-9.6
-9.8
-9.5

8.5
8.6
9.0

9.0
48.6
44.0

3.1
17.4
15.7

3.34
3.26
3.27

MMP
MMP

MP234
MP235
MP236

Pretreat
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP237
MP238
MP239

MMP
MMP
EMP

L.69a (20)
L.69a (20)
L.69a (20)

1310 - 1409
1288 - 1397
1224 - 1284

>30kDa UF
>30kDa UF
>30kDa UF

-10.4
-9.3
-9.6

9.7
9.1
8.5

42.9
43.0
45.3

15.3
15.0
16.3

3.27
3.35
3.25

MMP
EMP

L.69a (20)
R.8 (31)

1288 - 1394
1037 - 1183

>30kDa UF
>30kDa UF

-9.0
-10.0

9.6
9.7

40.8
43.6

14.6
15.6

3.25
3.26

MMP

R.8 (31)

1281 - 1390

>30kDa UF

-10.7

8.6

38.0

13.2

3.37

EMP
EMP
MMP
LMP

R.8 (31)
R.6 (34)
R.111 (47)
R.148 (53)

1263 - 1292
1161 - 1257
1310 - 1415
1318 - 1424

-7.7
-10.2
-8.2
-9.6

11.4
9.0
13.3
8.4

35.4
47.7
40.6
46.3

12.2
16.9
14.3
16.4

3.38
3.29
3.31
3.29

MMP
LMP
EMP
MMP
MMP

R.4 (36)
R.4 (36)
R.183a (55)
R.183a (55)
R.183a (55)
R.188a (56)

1275 - 1386
1398 - 1444
1263 - 1295
1276 - 1387
1278 - 1388

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.3
-10.0
-10.3
-8.7
-9.5
-9.8

9.3
10.1
9.4
8.6
8.0
9.5

27.1
46.5
44.5
44.7
41.0
46.7

9.9
16.2
15.5
15.8
14.4
16.7

3.18
3.35
3.34
3.30
3.32
3.26

EPC
MMP
MMP
EMP
MMP
MMP
MMP
EMP
EMP
MMP

R.188b (56)
R.188b (56)
R.188b (56)
R.189b (57)
R.183a (55)
R.189b (57)
Q.39
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152

906 - 1029
1315 - 1419
1288 - 1394
1271 - 1382
1309 - 1412
1297 - 1398
1292 - 1396
1218 - 1271
1266 - 1385
1273 - 1385

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.6
-10.2
-9.3
-9.7
-10.3
-10.2
-8.6
-8.4
-8.8
-8.9

8.7
10.0
8.9
8.3
8.9
9.0
10.2
9.9
8.7
9.7

42.6
46.6
40.4
48.7
47.0
46.9
45.6
42.4
43.7
46.4

14.9
16.2
14.1
17.2
16.5
16.6
16.3
15.3
15.5
16.7

3.33
2.9
3.33
3.30
3.32
3.29
3.27
3.24
3.30
3.24

MP240
MP241
MP242
MP243
MP244
MP245
MP246
MP247
MP248
MP249
MP250
MP251
MP252
MP253
MP254
MP255
MP256
MP258
MP259
MP260
MP262
MP263
MP264
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Sample
ID

Period

Structure

2σ cal AD

Pretreat

δ13CVPBD(‰)

δ15NAIR(‰)

%C

%N

C:N

MP265
MP266
MP267
MP268
MP269

MMP
EMP
EMP
EMP
EMP

Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152

1275 - 1386
1265 - 1380
1224 - 1284
1218 - 1277
1268 - 1380

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-9.8
-9.2
-9.7
-9.5
-10.1

8.7
10.3
8.8
8.8
8.2

46.9
48.2
45.7
45.9
41.4

16.8
17.1
16.4
16.5
14.7

3.26
3.28
3.26
3.26
3.29

EMP
MMP
EMP
EMP
EMP
EPC
MMP
MMP
MMP
MMP

Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.152c/Q.152
Q.72
Q.79/Q.79a
Q.58
Q.79/Q.79a
Q.95

1263 - 1295
1284 - 1390
1219 - 1283
1271 - 1384
1264 - 1298
1018 - 1153
1275 - 1386
1276 - 1387
1282 - 1390
1291 - 1392

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF

-10.1
-8.7
-9.7
-8.8
-9.0
-10.4
-9.7
-10.2
-11.2
-13.1

9.8
8.6
8.5
9.6
8.3
8.9
9.0
8.9
8.3
7.5

47.6
46.5
44.4
49.4
45.3
52.5
46.7
46.3
43.1
40.3

16.9
16.4
15.9
17.5
16.4
18.9
16.8
16.4
15.4
14.3

3.28
3.31
3.25
3.29
3.22
3.24
3.23
3.29
3.27
3.28

MMP
MMP
MMP
MMP

Q.97
Q.97
Q.95
Q.95

1282 - 1390
1280 - 1388
1280 - 1388
1275 - 1386

-10.2
-7.6
-9.9
-8.9

7.9
8.7
8.6
11.3

59.7
41.3
47.2
48.4

21.0
14.5
15.7
17.4

3.31
3.33
3.51
3.24

EMP

Q.97

1261 - 1291

>30kDa UF
>30kDa UF
>30kDa UF
>30kDa UF
XAD Amino
Acids

-8.5

10.8

14.3

5.1

3.28

MP270
MP272
MP273
MP274
MP275
MP276
MP277
MP278
MP279
MP281
MP282A
MP282B
MP283
MP284
MP292
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Lab ID

Burial

Structure

Haplogroup

MP007
2
Q.162
A2
MP010
7
Q.162
A2+(64)
MP012
8
Q.162
A2+(64)
MP014
11
Q.162
A2+(64)
MP020
31
Q.72
A2w
MP021
32
Q.72
A2ao
MP047
41
Q.92
C1c
MP050
46
Q.93
A2+(64)
MP051
47
Q.58
A2b1
MP058
57
Q.54
A2m
MP071
63
Q.99
C1c4
CR11
Cenote San Jose
A2ap
MP081
MP092
Dentro de Nicho
Q.162a
A2+(64)+153
MP098
21
Q.79a
A2
MP105
26.1
Q.88c
A2+(64)
MP109
26.4
Q.88c
A2+(64) @ 16111
MP110
26.5
Q.88c
A2+(64)
MP111
26.12
Q.88c
A2
MP131
4231-1
Q.152
A2
MP209
9 ind 6 Male
R.148
A2p
A2m
MP222 Zona de Entierros 4044 H.15 (Itzmal Chen)
3 ind 5
L.69
A2w
MP239
TZA1
1
Cenote Tza Itza
A2m

Reference

Sequenced
Reads

rsrs.fasta 21628083
rsrs.fasta 8499580
rsrs.fasta 19474086
rsrs.fasta 23504371
rsrs.fasta 11650367
rsrs.fasta 1326293
rsrs.fasta 33,103,906
rsrs.fasta 12776785
rsrs.fasta 36524896
rsrs.fasta 33264988
rsrs.fasta 33,421,648
rsrs.fasta 33977158
rsrs.fasta 17211899
rsrs.fasta 19070236
rsrs.fasta 25479307
rsrs.fasta 10835786
rsrs.fasta 19024678
rsrs.fasta 34980942
rsrs.fasta 10751842
rsrs.fasta 35704560
rsrs.fasta 35,929,192
rsrs.fasta 36417014
rsrs.fasta 25719618

Unique
Mapped
Unique Coverage Coverage LAMBDA hard mask Percent Mitogenome
Mapped Clonality
reads
read > 30nt Depth
S.D.
value
(nt)
coverage
length
reads
3017763 7086
99.8%
7083
32.7
9.3
0.2078
13
99.6%
16500
2269258 9828
99.6%
9809
43
10.7
0.1753
16
99.7%
16528
2890006 7289
99.7%
7284
32
7.6
0.1865
15
99.8%
16525
8401734 11092
99.9%
11083
51
11.8
0.1839
15
99.8%
16531
144232 20706
85.6%
18645
72.7
12.1
0.3437
8
99.8%
16528
1326293 2684
99.8%
2634
18.5
6
0.1800
14
99.7%
16492
190078
4689
97.5%
4662
13.4
7.67
0.3289
8
96.0%
15877
598448 14925
97.5%
13863
56
9
0.3718
7
99.7%
16515
1158286 20241
98.3%
20187
60.8
17.7
0.3337
8
99.9%
16550
1334703 22784
98.3%
22704
68.6
17
0.3568
7
99.9%
16559
89494
2956
96.7%
2897
8
4
0.3513
7
75.2%
12445
429478 20051
95.3%
19983
59.9
13.4
0.2946
9
99.9%
16547
640923
8251
98.7%
8243
39.5
8.3
0.2256
12
99.8%
16535
774929
7965
99.0%
7952
35
8.8
0.1651
17
99.7%
16510
10292989 31245
99.7%
31242
207
17.6
0.2335
12
100.0%
16562
25480
3430
86.5%
3430
15.2
5.5
0.2076
13
99.2%
16432
112559
6029
94.6%
6027
28
8.5
0.1980
14
99.6%
16503
412140 10369
97.5%
10288
29.7
9.4
0.2169
13
99.8%
16532
1166895 3894
99.7%
3893
17.4
5.8
0.2066
13
99.3%
16456
490828 10564
97.8%
10404
28.7
11.3
0.3341
8
97.4%
16128
876792
2271
99.7%
2216
6.23
3.1
0.2570
11
80.5%
13330
470020
7792
98.3%
7709
21.8
7.8
0.3456
8
99.3%
16435
7265253 24397
99.7%
24280
93
16
0.2636
10
99.9%
16546
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Lab ID

MP007
MP010
MP012
MP014
MP020
MP021
MP047
MP050
MP051
MP058
MP071
MP081
MP092
MP098
MP105
MP109
MP110
MP111
MP131
MP209
MP222
MP239
TZA1

Contamination
Contamination Contamination
est (average
est (low %)
est (high %)
%)
28
19
17
18
23
1
3
58
1
1
2
1
18
18
2
20
22
2
23
2
6
1
10

26
18
16
17
22
1
2
57
0
0
1
0
17
17
1
18
20
1
21
1
4
0
9

30
20
18
19
24
2
4
59
2
2
3
2
19
19
3
22
24
3
25
3
8
2
11

Contamination
Haplogroup
C1c
C1c
C1c
C1c
U6a5
M42b_2
U6a5

C1c
C1c
C1c
C1c
C1c
C1c
P8
C1c
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Schmutzi
Endogenous
Haplogroup

PMD filter
Haplogroup

Unique
Mapped
Reads >=
30 nt PMD
score 3

A2m
A2
A2g
A2
A2w1
A2ao
C1c
A2a3
A2b1
A2m
C1c4
A2ap
A2ao
A2m
A2ap
A2m
A2
A2
A2
A2p
R6
A2w1
A2m

A2m
A2ao
A2g
A2
A2w1
A2ao
C1c
U6
A2b1
A2m
C
A2ap
A2
A2i
A2ap
A2v
A
A2
A2
A2p
A2m
A2w1
A2m

2211
3224
2534
3838
6536
609
1644
2313
7579
7085
1020
7501
2350
2883
8661
1072
1779
3352
1195
3992
759
2730
10537

Average
Coverage (X) Percentage
Coverage
S.D. PMD
Coverage
(X) Depth
score 3
at ≥2x
PMD score 3
10.1
14.1
11.4
17.6
56.3
4.4
5.3
5.2
23.2
21.7
3.2
22.8
11.2
12.5
58.2
4.8
8.2
9.8
5.3
11.3
2.6
7.8
40.9

4
4.8
4.9
5.6
25.3
2.1
3.3
3.3
9.2
8.4
2.1
7.3
4
14.3
11.5
2.5
3.6
4.5
2.7
5.6
1.5
4
9.5

99.5%
99.8%
99.8%
99.4%
99.7%
99.5%
76.8%
99.6%
98.3%
98.5%
64.1%
98.8%
99.0%
99.6%
99.9%
98.2%
99.5%
95.5%
98.6%
94.8%
56.6%
92.3%
99.9%

Appendix G

Modern Maya Reference Mitogenomes data
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ID
KF451386.1
KF451369.1
KF451376.1
KF451378.1
KF451381.1
KF451382.1
KF451385.1
KF451368.1
KF451371.1
KF451373.1
KF451377.1
KF451383.1
KF451390.1
KF451392.1
KF451370.1
KF451374.1
KF451389.1
KF451391.1
KF451379.1
KF451387.1
KF451388.1
KF451372.1
KF451380.1
KF451384.1
KF451375.1
KM051465
KM051466
KM051472
KM051467
KM051468
KM051470
KM051473
KM051474
KM051469
KM051471
KM051475
KM051476
maya001
maya002
maya003
maya004
maya005
maya006
maya007
maya008
maya009

Subhaplogroup
A2
A2+(64)
A2+(64)
A2+(64)
A2+(64)
A2+(64)
A2+(64)
A2ap
A2ap
A2ap
A2m
A2m
A2m
A2m
A2w1
A2w1
A2w1
A2w1
B2
B2
B2
B2o
B2o
C1c
D1
A2+64
A2+64
A2ar
A2p3a
A2p3a
A2p3a
A2p3a
A2p3a
A2w1a1
A2w1a1
B2t
B2t
A2w
A2m
A2w
A2w
C1c
A2h1
A2m
A2+(64)
A2l

GenBank ID
KF451386.1
KF451369.1
KF451376.1
KF451378.1
KF451381.1
KF451382.1
KF451385.1
KF451368.1
KF451371.1
KF451373.1
KF451377.1
KF451383.1
KF451390.1
KF451392.1
KF451370.1
KF451374.1
KF451389.1
KF451391.1
KF451379.1
KF451387.1
KF451388.1
KF451372.1
KF451380.1
KF451384.1
KF451375.1
KM051465.1
KM051466.1
KM051472.1
KM051467.1
KM051468.1
KM051470.1
KM051473.1
KM051474.1
KM051469.1
KM051471.1
KM051475.1
KM051476.1
see Appendix B
see Appendix B
see Appendix B
see Appendix B
see Appendix B
see Appendix B
see Appendix B
see Appendix B
see Appendix B

Population
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
Maya; Xmaben
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