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ABSTRACT
Objectives: Decades of archaeological and bioarchaeological research have demonstrated that ancient Maya cities underwent 
dynamic changes over time, including shifts in sociopolitical organization as well as their cultural and economic ties to other 
areas of Mesoamerica. Such transformations are often associated with the movement of people across and beyond the Maya 
world, but the relationship between temporary and permanent migrations and sociopolitical change is complex and differs over 
time and between contexts. At Santa Rita Corozal (Chactemal), archaeological evidence indicates that early phases were marked 
by ties to central Belize and the Petén, while later phases show ties to the Northern Lowlands of the Yucatán. Ethnohistoric 
records similarly document movements of people between these regions in relation to sociopolitical change prior to the Spanish 
Invasion and during the Spanish colonial era.
Materials and Methods: Here we reconstruct patterns of mobility at Santa Rita Corozal (SRC) using stable oxygen isotope data 
from the teeth and bones of 96 Maya Ancestors who span three millennia of continuous settlement from the Middle Preclassic 
(BCE 800–300) to the Late Postclassic (CE 1350–1532).
Results: Our data reveal non-locals in the Preclassic have δ18O values below the range for SRC, indicating they may have come 
from highland areas. Conversely, non-locals in the Postclassic have δ18O values above the local range, suggesting that they may 
have come from low-elevation areas.
Discussion: These movements shed new light on the settlement and demographic history of SRC and help to inform the complex 
cultural, political, and economic ties evident in the archaeological and ethnohistoric records.
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1   |   Introduction

Our knowledge of ancient Maya population movements is in-
formed by various lines of inquiry. This research combines in-
digenous knowledge with archaeological, oxygen isotope, and 
ethnohistoric data to amplify current understandings of popula-
tion movements at the archaeological site of Santa Rita Corozal 

(Chactemal) in northern Belize. Maya people in what is now 
known as the Yucatán Peninsula hold deep memories of how 
their communities have lived in relation to their homelands over 
time, including the dynamic ways that their peoples have con-
tinuously moved across the landscape and interacted across the 
expanses of the Maya world, past and present. In north coastal 
Belize where this study takes place, many Yucatec Maya peo-
ple who live there are descendants of those who moved south 
across the Rio Hondo following the Caste War of Yucatán in 
the late 19th century (Dutt 2019; Farriss 1984; Harrison-Buck 
et  al.  2019; Jones  2000; Mongey  2021), while still other Maya 
peoples in the area moved north and east into Belize follow-
ing wars and political unrest in what is now El Salvador and 
Guatemala (Howard  2009; Palacio  1987). The link between 
sociopolitical change and people's movement therefore lives in 
the knowledge, memories, and everyday experiences of Maya 
people in Northern Belize today. While the circumstances of 
Maya peoples' mobility have changed over the millennia, these 
movements between the Maya Highlands, Maya Mountains, 
and the Northern and Southern Maya Lowlands are both an-
cient and ongoing (Figure 1; Arnauld et al. 2021; Beekman 2019; 
Farriss 1984; Restall 1997). For the communities we work with, 
these movements are deeply rooted in what it means to be 
Maya and are part of how Maya communities have persisted 
as peoples over time despite periods of profound sociopolitical 
transformation. In the words of Don Roy Rodriguez, a Yucatec 

Summary

•	 Stable oxygen isotope data are presented for Santa 
Rita Corozal, northern Belize.

•	 Conservatively, 8 Ancestors (9%) were identified as 
being nonlocal to Santa Rita Corozal.

•	 25% were nonlocal during the Middle Preclassic and 
8% during the Late Postclassic.

•	 δ18O values from non-local Ancestors from the 
Preclassic were distinct from those of non-local 
Ancestors from the Postclassic, indicating movement 
from different places over time.

•	 Isotopic data indicate that migration was crucial to the 
early settlement of Santa Rita Corozal, but less so dur-
ing the Terminal and Postclassic periods, despite the 
population apex of the Postclassic.

FIGURE 1    |    Migration and return migration events during that Late Classic and Postclassic, as described in the Chalam Balam books of Chumayel 
and Tizimin. 
Source: Map adapted from Locker et al. (2023).
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Maya man and co-author of this study, “the Maya are a people 
of Movement.”

In addition to the collective memories of contemporary Maya 
communities, Yucatec Maya people have chronicled their own 
movements and sociopolitical networks for millennia in books 
that predate the European invasion. For example, the books 
of Chilam Balam (each named for the Yucatec Maya village 
where they were kept) provide accounts of Maya mobility in 
the past. In the Book of Chilam Balam of Tizimin and the Book 
of Chilam Balam of Chumayel, Maya writers speak of multi-
ple movement events starting around CE 692 from the Petén 
area of northern Guatemala and the Mexican Gulf lowlands 
to the northern Yucatán Peninsula (see Figure 1, light blue ar-
rows; Edmonson  1986, 37; Farriss  1984; Harrison-Buck 2014; 
Rice 2024). In the Postclassic (CE 900–1532), they refer to a series 
of return migration events—one from the Yucatán Peninsula 
back to the Petén area (gold arrow) and a second from the Petén 
back to the Northern Lowlands of the Yucatán Peninsula (green 
arrow; Boot 2019; Edmonson 1982, 1986; Freiwald et al. 2020; 
Harrison-Buck 2014; Jones 1998; Roys 2008).

The Book of Chilam Balam of Chumayel details two distinct groups 
of Mayas who immigrated to the Yucatán Peninsula during the 
Classic to Postclassic transition (CE 900)—the Itzá of Chichén 
(and the Petén) resided in the eastern half of the peninsula, while 
the Xiu, a “Mexicanized” and more distant group, resided in the 

western part of the peninsula (Edmonson  1986, 2). Beyond the 
living knowledge and textual records of Maya movements, both 
linguistic and archaeological evidence also demonstrate the links 
between movement and sociopolitical organization. For example, 
the Itzá refer to the western Yucatecans as Tutul Xiu, Nahuatl for 
“Toltec grasses,” and linguistic evidence suggests both Nahuatl 
and Spanish spread through the Yucatán from the west to the 
east following the sociopolitical and economic networks present 
between these regions (Edmonson  1986, 3). What is more, lin-
guistic analysis indicates strong ties between the Yucatán, the 
Petén, and Belize, likely related to the sustained movements and 
interactions between the Itzá, Kowoj, Kejaches, and Mopan Maya 
(Jones 1998, 3–28). All four of these groups claim ancestral ties to 
the Petén, while linguistic evidence also ties them to the Northern 
Lowlands (Jones  1998, 2000). Evidence of connections among 
peoples across Mesoamerica is also found in the material culture 
remains. These point not only to widespread trade networks, but 
also changing affiliations over time (see for example Feinman 
et al. 2022). Hieroglyphic records likewise show interconnected-
ness among elites across various sites and regions (Martin 2020; 
Munson and Macri 2009). Archaeological evidence suggests that 
the transition between the Classic (AD 250–900) to the Postclassic 
(AD 900–1532) was a period of profound sociopolitical dyna-
mism and large-scale population movements in the Southern 
Lowlands (Figure  2). Over several hundred years, many of the 
Classic period monumental urban centers such as Tikal, Caracol, 
Calakmul, Coba, Copan, Palenque, and La Milpa were abandoned 

FIGURE 2    |    Map of Maya cultural areas, regions, Postclassic provinces, and archaeological sites mentioned in this paper.  
Source: Map adapted from Locker et al. (2023) and Chase and Chase (2021).
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in the Postclassic period; their inhabitants disappeared—likely 
moving elsewhere, resettling, and, in some cases, possibly reor-
ganizing themselves in the Northern Lowlands (Aimers  2007; 
Cowgill 1964; Locker et al. 2023). In essence, non-Isotope datasets 
show that Mesoamerica shifted back and forth between periods 
of more cosmopolitan connections and periods of more regional 
networks over time.

Studies of stable isotopes in the Maya world have also added to 
our understanding of people's mobility in the past. Meteoric water 
sources (that is—precipitation, surface waters, and ground waters) 
vary across a landscape in their composition of oxygen isotopes. 
Because oxygen isotopes are incorporated into people's teeth and 
bones from the water they drink, measuring isotope ratios from 
these tissues provides a signal for where people lived (assump-
tion being that people consume water sources near to their res-
idential locale). In this way, a rich and rapidly growing body of 

isotopic evidence highlights the dynamism of ancient Maya land-
scapes and sustained movements of people across spaces and over 
time (see for example Cucina et al. 2011, 2015; Ebert et al. 2021; 
Freiwald 2020, 2023; Locker et al. 2023; Negrete et al. 2020; Ortega-
Muñoz and Cucina  2021; Price et  al.  2008, 2010, 2014, 2018a, 
2018b, 2019; Rand 2016; Somerville et al. 2016; Suzuki et al. 2020; 
Wright 2012; Wright et al. 2010). Much of the focus in isotopic stud-
ies of movement enveloping the Classic to Postclassic transition 
has been centered around sites in the northern Yucatán (Ortega-
Muñoz et al. 2019; Price et al. 2012, 2019; Sierra Sosa et al. 2014; 
Wright 2007) or sites in the Southern Lowlands, with a Postclassic 
to Colonization focus on inland sites like Lamanai (Donis 2014), 
Tipu (Trask 2018), or Tayasal (Freiwald et al. 2020). Comparatively 
less attention has been given to cities intermediate to these areas 
and how movement in and out of these spaces over time relates 
to the major sociopolitical transitions across the Maya world. In 
addition, because Santa Rita Corozal is one of the very few ancient 
Maya cities in the Southern Lowlands that was continuously occu-
pied before, during, and after the Classic to Postclassic transition, it 
represents an ideal location to reconstruct a diachronic assessment 
of people's movement over millennia.

1.1   |   Santa Rita Corozal (Chactemal)

Santa Rita Corozal is an ancient Maya city located on the 
western banks of Chetumal Bay in what is now the Corozal 
District of northern Belize (Figure 1). It is thought to be the lo-
cation of the capital of the ancient Maya province of Chetumal 
(Chactemal) (Awe et  al.  2020; D. Chase  1986; Chase and 
Chase 1986, 1988; Iannone et al. 2014). Major formal excava-
tions at Santa Rita Corozal were undertaken by Drs. Diane Z. 
and Arlen F. Chase as part of the Corozal Postclassic Project 

TABLE 1    |    Santa Rita Corozal population sizes by major time 
periods.

Time period Dates
Population 

size

Middle preclassic BCE 900–300 150

Late preclassic BCE 300 – CE 300 1000

Early classic CE 300–550 1500

Late classic CE 550–900 2500

Terminal classic/
early postclassic

CE 900–1200 2000

Late postclassic CE 1200–1532 7000

FIGURE 3    |    Structure 7, the Political Epicenter of Ancient Santa Rita Corozal.  
Source: Photo by R. W. A. Smith.
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from 1979 to 1985 (Chase and Chase  1988, 2004). These ex-
cavations revealed some of the earliest known Maya buri-
als in Belize in the Middle Preclassic (BCE 800–300, Chase 
et al. in review), followed by a continuous sequence of settle-
ment across every phase of Maya chronology (see Table 1; D. 
Chase  1981, 1984; Chase and Chase  1986, 1988, 2005, 2006, 
2008, 2020; Chase et  al.  2018; Awe et  al.  2020; Chase and 
Chase 2004; Iannone et al. 2014). Major subsequent stabiliza-
tion work at the site, led by Dr. Jaime Awe, revealed additional 
Classic and Postclassic interments (Awe et  al.  2020). Santa 
Rita Corozal has a continuous sequence of human settlement 
in the Maya area, spanning more than three millennia and 
facilitating an analysis of population dynamics and movement 
over time (Chase and Chase  1986; D. Chase  1990, 1997; D. 
Chase et al. 2023, supp. information).

Structure 7 and its corresponding courtyard are among the only 
surviving edifices of the ancient city's pre- and peri-colonial 
monumental architecture (Figure 3). In addition to the preser-
vation of these structures as an archaeological reserve by the 

Institute of Archaeology and the National Institute of Culture 
and History (NICH) in Belize, these structures are recognized 
as a temple and a place of deep cultural significance by the con-
temporary Maya communities living in and around Corozal. 
Prior to the development of contemporary Corozal Town begin-
ning in the 19th century, the ancient city of Santa Rita Corozal 
once covered a much wider area than indicated by the surviving 
structures. During the height of its settlement in the Postclassic, 
the city spanned what is now the contemporary city of Corozal 
Town and some of the surrounding Maya villages, extending 
from San Andres in the southwest to Paraiso in the north and 
eastward to the edges of Corozal Bay (See Figure  4; D. Chase 
and A. Chase 1984, 1988, 2004). The villages of San Andres, San 
Antonio, and Paraiso shown on the map insert of Figure 4 have 
since been incorporated into Corozal Town as the result of con-
temporary re-urbanization.

Prior archaeological work at Santa Rita Corozal has involved 
reconstructing the overall demography of the population, 
where the size and composition of the population during 

FIGURE 4    |    Map of ancient Santa Rita Corozal. The Ancestors who are included in this study were recovered from areas highlighted in circles. 
The grid on the map insert indicates 500 by 500 m areas of the city, as designated by the Corozal Postclassic Project. The larger map shows the 
structures from quadrants 1–12 and 14–15.  
Source: Image adapted from A. Chase and D. Chase (2020).
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each phase of occupation were estimated from the quanti-
ties of known interments and structural material dating to 
each major time period (D. Chase  1990). The earliest Maya 
settlement at the site appears in the Middle Preclassic as a 
small village occupied by approximately 150 residents (D. 
Chase  1990; Chase and Chase  2004; Iannone et  al.  2014). 
Archaeological evidence suggests that early settlement was 
likely restricted to the Southwest and North Central Sectors of 
the site (D. Chase 1990; Chase and Chase 1988, 2004; Iannone 
et al. 2014). By the Late Preclassic (BCE 300—CE 300), Santa 
Rita Corozal's population grew to approximately 1000 resi-
dents (Chase and Chase 2004; Iannone et al. 2014). Evidence 
for occupation from this period spans the full extent of the site 
(Chase and Chase 1986, 1988).

Santa Rita Corozal continued to grow in the Early Classic (AD 
300–550) to approximately 1500 people (Chase  1990; Chase 
and Chase  1988, 2005; Iannone et  al.  2014). Despite the rel-
atively small population, archaeological evidence indicates 
clear markers for the development of social hierarchy and the 
construction of monumental architecture with elaborate tombs 
(Chase and Chase 2004, 2005). Indeed, it has been suggested 
that the ruling elite class who emerged during this time rep-
resents a centralized and dynastic lineage or divine kingship 
that spanned generations (Chase 1985; Chase and Chase 2021). 
Because of its positioning near the confluences of the Rio 
Hondo, the New River, and the Caribbean coast, Santa Rita 
Corozal became a significant trade center beginning in the 
Early Classic, trading cacao, honey, vanilla, annatto, and ma-
rine foods with inland sites in northwestern and central Belize, 
the Petén, and the Yucatán (Awe et al. 2020; Chase 1986; Chase 
and Chase 1989, 2004, 2005, 2020). Ceramic analyses have in-
dicated that Santa Rita Corozal had ties to both the Southern 
and Northern Lowlands in the Early Classic, and the site func-
tioned as an independent regional power rather than being 
directly controlled by polities in other regions (Chase and 
Chase 2005; Iannone et al. 2014).

By the Late Classic, the site continued to grow to approximately 
2500 residents, though archaeological evidence indicates that 
social hierarchy and distinctions between classes became less 
pronounced (Chase and Chase  2004; Iannone et  al.  2014). 
Santa Rita Corozal also experienced a slight decline in pop-
ulation during the Terminal Classic/Early Postclassic Period 
(CE 900–1200) to approximately 2000 residents (Chase  1990; 
Chase and Chase 2004); however, the city regained greater con-
trol over trade routes and access to external markets (Iannone 
et  al.  2014). Contrary to most other Southern Lowland sites, 
which were depopulated after the Terminal Classic, Santa Rita 
Corozal's settlement history mirrored other Maya sites in the 
Northern Lowlands, such as Mayapán, and a select few sites in 
the Southern Lowlands of northern Belize, such as Lamanai, 
which continued to flourish into the Late Postclassic and beyond 
(Andrews 1993; Aimers 2007; Hanna et al. 2016; Milbrath and 
Peraza Lope 2003; Pendergast 1986).

Santa Rita Corozal reached its fullest population size and po-
litical influence during the late facet of the Late Postclassic 
(1350–1532), due in part to its key positioning on major water-
ways and accessibility to marine food sources and fresh water 
(Iannone et  al.  2014). Indeed, Santa Rita Corozal is perhaps 

most well-known for its Late Postclassic occupation, where it 
regained power over the Corozal Bay and became the capital 
of the Chetumal Province (Awe et al. 2020; Chase 1986; Chase 
and Chase 1986, 1988; Iannone et al. 2014). The population more 
than tripled to over 7000 residents during this time (Chase 1990; 
Chase and Chase 2004; Iannone et al. 2014). The sociopolitical 
organization and regional connections at Santa Rita Corozal also 
appear to have shifted during the Postclassic. Archaeological 
evidence demonstrates that elite burials shifted from a concen-
tration within the city's epicenter to multiple palace-like resi-
dences distributed throughout the site (Chase 1985, 1986, 1992), 
indicating a rupture of any centralized divine kingship that had 
typified the earlier Classic Period (Chase and Chase 2021). In 
addition, ceramic effigy cache figures dating to this period indi-
cate close ties to Mayapán (Chase and Chase 2008), and Mixteca-
Puebla styled painted murals found in Mound 1 at the end of 
the nineteenth century (Gann 1900) indicate close ties to sites 
in the Northern Lowlands, notably Mayapán and the western 
Yucatán settled by the “Mexicanized” Xiu Maya peoples (Chase 
and Chase 1988, 2004, 2008; Iannone et al. 2014).

1.2   |   Study Objectives

Taken together, the knowledge of the contemporary Maya com-
munity in and surrounding Corozal, combined with ethnohis-
toric, linguistic, archaeological, and bioarchaeological records, 
indicates that Santa Rita Corozal has been a place of dynamic 
population change for almost three millennia. The city under-
went multiple transformations in its social structure, political 
organization, and the shape of its economic networks as it rose to 
become a regional Maya capital in the Postclassic. Here, we seek 
to reconstruct patterns of Maya mobility at Santa Rita Corozal 
in relation to its social, political, and demographic changes over 
time. Given multiple lines of evidence describing Maya move-
ments and shifting sociopolitical ties in antiquity, we made the 
following four predictions about Maya mobility at Santa Rita 
Corozal over time. First, we predicted that migrants to the city 
during different time periods would come from distinct regions 
of the Maya world. Second, we predicted an influx of non-local 
people during the Middle Preclassic when the city was first es-
tablished. Third, given the dramatic change in sociopolitical 
organization and the remapping of regional networks during 
the Postclassic, we predicted that the Classic to Postclassic tran-
sition would be an inflection point in the origins and number 
of migrants to Santa Rita Corozal. Fourth, given the ties to the 
Northern Lowlands that appear in the archaeological record in 
the Late Postclassic at Santa Rita Corozal, we predicted that mi-
grants to the site will be drawn from that region. Alternatively, 
and perhaps simultaneously, given the depopulation of sites 
across the Southern Lowlands in the Terminal Classic, mi-
grants may also have arrived at Santa Rita Corozal from these 
spaces during the Postclassic. Based on the books of the Chilam 
Bilam, it seems likely that both migration scenarios might be 
occurring, with migrants arriving at Santa Rita Corozal in the 
Postclassic from multiple regions, including the Northern and 
Southern Lowlands. To address these questions, we measured 
stable oxygen isotopes of the dental enamel and bones from 96 
Maya Ancestors1 spanning every phase of Maya chronology that 
were recovered during the archaeological excavations of the 
Corozal Postclassic Project.
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2   |   Methods

2.1   |   Ethics Statement

This project adheres to all existing international legal and 
ethical standards for bioarchaeological research and works 
beyond these minimum standards to address additional guide-
lines as defined by our local community research partnerships 
in Belize. The Maya Ancestors included in this research re-
sulted from archaeological excavations carried out at Santa 
Rita Corozal under the Corozal Postclassic Project from 1979 
to 1985 by Drs. Diane Z. Chase and Arlen F. Chase (Chase 
and Chase 2020; ASZ Chase et  al.  2018; Chase  1981, 1984, 
1985, 1986; Chase and Chase 1988, 2004, 2005). All Ancestral 
remains are curated at the University of Houston and were 
transported to the US under the authority of the Belize 
Department of Anthropology (now Institute of Archaeology, 
IoA). Approval for the isotopic work presented in this paper 
was provided to Smith by the archaeological project and by the 
IoA. In addition to institutional approval from the governing 
bodies in Belize, we have also co-developed this work with our 
local Maya research partners in northern Belize. This work 
received support from members of the board of the Maya-led 
NGO To'one Masehualoon (Yucatec Mayan meaning “We are 
Maya”) headquartered in Corozal Town, Belize. Their work 
focuses on raising consciousness about Maya communities in 
northern Belize, sustaining Maya cultures and lifeways, and 
Yucatec Mayan language revitalization. In collaboration with 
To'one Masehualoon, we have conducted over 100 meetings and 
interviews with Maya people in Corozal and the surrounding 
Maya villages of Cristo Rey, Libertad, Louisville, Pachakan, 
Santa Clara, San Pedro, San Victor, Xaibe, and Yo Chen. The 
goals of this research and its outcomes were co-developed 
through these local partnerships. Preliminary findings pre-
sented in this paper were first delivered to Maya communi-
ties through two public forums in June 2023 co-hosted by the 
Critical Molecular Anthropology Laboratory group at George 
Mason University (PI Smith), To'one Masehualoon, and the 
National Institute of Culture and History in Belize. The first 
forum was delivered in English at the House of Culture in 
Corozal and the second was delivered in Spanish at the Janal 
Yucatec Maya Restaurant in Xaibe Village. Maya partners also 
visited the Critical Molecular Anthropology Lab at George 
Mason University in May 2024 for laboratory protocol co-
development and continued strategic planning related to the 
research goals. At every stage, we received guidance from our 
research partners and Maya community members which has 
been integral to producing the work presented here.

2.2   |   Ancestors Included in This Research

We selected 96 Ancestors for this research. These Ancestors 
span the Middle Preclassic (800 BCE—400 BCE) through the 
Late Postclassic (1350 CE—1532 CE) periods (Table  S1). When 
available, both dental and skeletal elements were selected from 
each Ancestor. The Ancestors included in this research come 
from discrete interments, so some Ancestors have paired bone 
and teeth tissues (n = 51 Ancestors). However, due to preser-
vation and availability, some Ancestors are only represented 

by bone elements (n = 16 Ancestors), while others are only rep-
resented by dentition (n = 29 Ancestors). Table 2 shows a brief 
outline of different combinations of elements from individual 
Ancestors. A full list of skeletal elements, including paired bone 
and enamel tissues, can be found in Table S1.

Because dental enamel does not remodel over an individual's 
life, molars and premolars were analyzed to gauge movement 
during childhood. This is because the first molar (M1) crown 
finishes mineralizing in early childhood, the second molar (M2) 
and premolar (PM) crowns finish mineralizing in middle child-
hood, and the third molar (M3) crown finishes mineralizing in 
the early teenage years (Ash and Nelson 2003). We preferentially 
selected M1 (n = 48) and M3 (n = 44) from Ancestors. If unavail-
able, we selected M2 (n = 7), PM (n = 5), or unclassified molars 
(n = 4). Importantly, 26 Ancestors have multiple teeth repre-
sented in this dataset.

In contrast, bones do remodel over the life course and were 
therefore selected as a measure of later-in-life movement. 
Appendicular long bones (i.e., femora, tibia, humeri, etc.) 
typically remodel over 30 years (Ubelaker and Buikstra 1994) 
and were selected to gauge the length of time an individual 
may have lived in Santa Rita Corozal, if born elsewhere. Axial 
bones (i.e., clavicle, ribs) and distal appendicular elements (i.e., 
phalanges) remodel within the past 7 years of life (Ubelaker 
and Buikstra  1994), and so were selected to gauge whether 
an Ancestor had moved to Santa Rita Corozal shortly before 
death. In total, we measured stable oxygen isotopes from bone 
carbonate (n = 95) and enamel carbonate (n = 108) from 96 
Ancestors. Here, we present the bone carbonate (n = 46) and 
enamel carbonate (n = 100) data that passed quality control 
(QC) from a total of 85 Ancestors (see below for quality as-
sessments). All data, including data that did not pass QC, are 
available in Table S1.

TABLE 2    |    Breakdown of how ancestors are represented across 
sampling strategies for this research.

Skeletal 
sample classes

Number 
of distinct 
ancestors

Total 
number 
of teeth

Total 
number 
of bones

Single tooth 18 18 0

Single bone 12 0 12

Multiple teeth 11 23 0

Multiple bones 4 0 8

Single tooth; 
multiple bones

16 16 32

Single tooth; 
single bone

19 19 19

Multiple bones; 
multiple teeth

8 16 16

Multiple teeth; 
single bone

8 16 8

Total 96 108 95

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 19 American Journal of Biological Anthropology, 2025

2.3   |   Oxygen Isotopes and Movement

Oxygen isotopes are integrated into the body's tissues via con-
sumption of meteoric water from the local landscape (Dupras 
and Schwarcz 2001; Grimes and Pellegrini 2013; Lightfoot and 
O'Connell 2016; Locker et al. 2023; Pederzani and Britton 2019; 
Slovak and Paytan 2011; Stephan 2000). Since meteoric water 
varies across landscapes due to differences in elevation, lat-
itude, distance from the source of evaporation, precipitation 
patterns, seasonality, cooling history of the air, and humid-
ity—movement can be studied by measuring oxygen isotopes 
in a person's bone and dental enamel. As noted above, enamel 
represents periods during childhood, while bones can repre-
sent periods closer to time of death (axial bones) or an average 
of the past 30 years of life (appendicular long bones). When 
comparing the measured δ18O values of skeletal elements to 
established ranges for the location of interment, individuals 
whose teeth and/or bones have δ18O values that fall outside the 
established local range will have likely spent specific periods 
of their lives away from the location of interest (Dupras and 
Schwarcz 2001; Freiwald 2023; Lightfoot and O'Connell 2016; 
Locker et al. 2023; Pederzani and Britton 2019).

2.4   |   Dental Enamel and Bone Carbonate Sample 
Preparation

Prior to wet chemistry, tooth surfaces were carefully cleaned 
with individual sterile brushes to collect phytoliths and mi-
crobotanicals for future research before ultrasonic cleaning in 
18.2 megohm-cm ultrapure water (D2) for 15 min. Following 
ultrasonication, tooth surfaces were scrubbed with new indi-
vidual brushes to remove and preserve any remaining phyto-
liths for future research. Teeth were rinsed with D2 and left to 
air dry overnight. Enamel surfaces were lightly abraded using 
a Dremel rotary tool fitted with a carbide burr. Following abra-
sion, approximately 10 mg of enamel was drilled from each 
tooth using a Dremel rotary tool fitted with a clean carbide 
burr. To help lessen the influence of seasonality in the isoto-
pic composition of drinking water as well as heterogeneous 
isotope deposition across the enamel surface, we drilled bulk 
samples in longitudinal lines from just above the cemento-
enamel junction to just below the occlusal surface. To pre-
vent cross-contamination between Ancestors, gloves were 
changed, and drills, bits, and work surfaces were cleaned with 
DNA Away, D2, and ethanol between preparations.

For preparation of bone samples, small pieces (1–2 mm in size) 
were removed from the densest portion of the bone with a chisel 
and ultrasonically cleaned in D2 for 30 min. Sonication was re-
peated until the water remained clear. Bone samples were left 
to air dry for 2 days, powdered with a stainless-steel mortar and 
pestle, and sieved to achieve a granular size < 125 μm. To ensure 
cross-contamination between Ancestors did not occur, gloves were 
changed, the sieve was cleaned with ethanol, and the mortar and 
pestle and workspace were cleaned with 50% bleach, D2, and etha-
nol between preparations. The resulting powder for dental drilling 
and bone grinding was placed in sterile 1.5 mL centrifuge tubes.

Following a modified protocol from Garvie-Lok et al. (2004), re-
sulting powders were further processed in the Bioarchaeology & 

Stable Isotope Research Lab (BSIRL) at Vanderbilt University. 
Bone powder samples were soaked in 1 mL of 1%–1.5% sodium 
hypochlorite (NaOCl) for 48 h. Three rinses were completed 
with D2. Bone powder samples were then soaked in 0.5 mL 
of 0.1 M acetic acid for 3.5 h. Samples were centrifuged, triple 
rinsed with D2, and placed in a dry bath set at 60°C for 2–3 h be-
fore they were left to dry at room temperature in a desiccator for 
2 days. Enamel powder samples were soaked in 1 mL of 2%–3% 
NaOCl for 24 h. Three rinses were completed with D2. Enamel 
powder samples were then soaked in 0.5 mL of 0.1 M acetic acid 
for 3.5 h. Samples were centrifuged, triple rinsed with D2, and 
placed in a dry bath set at 60°C for 2–3 h before they were left to 
dry at room temperature in a desiccator for 2 days.

All powders were sent to the Stable Isotope Laboratory in the 
Jackson School of Geosciences at the University of Texas at 
Austin for mass spectrometry. Approximately 3 mg of each pow-
dered sample was loaded into borosilicate glass vials with 15 mg 
of silver to help trap potential sulfur dioxide liberated during 
acidification (Kusaka and Nakano  2014). Vials were loaded 
into a Gasbench II autosampler tray and flushed with helium 
for 10 min. Powder samples were reacted with 0.2 mL of 103% 
phosphoric acid for a minimum of 4 h and equilibrated at 50°C. 
Liberated CO2 then passed through a GC column held at 30°C 
and analyzed using a Thermo MAT253 isotope ratio mass spec-
trometer in continuous flow mode.

All δ18O values presented here are reported on the Vienna 
Standard Mean Ocean Water (VSMOW) scale. The measured 
δ18O values were calibrated on a three-point curve using NBS-18 
(Carbonate; +7.20‰ VSMOW), NBS-19 (Limestone; +28.65‰ 
VSMOW), and an internal standard (Marble [UTM]; +26.50‰ 
VSMOW). Precision (standard deviations) for all standards 
ranged from 0.1‰ to 0.2‰ (see Table S2).

2.5   |   Diagenesis

To assess the preservation of bone, a portion of the chemically 
processed bone powders was analyzed on a Thermo Scientific 
Nicolet iS 5 Fourier transform infrared (FTIR) spectrometer 
in attenuated total reflection (ATR) mode in the Department 
of Chemistry at Vanderbilt University. Approximately 1 mg of 
processed bone powder was placed on the diamond crystal optic 
window. Spectra were collected from 4000 to 400 cm−1 as the av-
erage of 64 scans with a resolution of 8 cm−1. The optic window, 
plate, and pressure applicator were cleaned with isopropanol 
between each measurement. Background scans were completed 
at the beginning of each run, after every 10 unknowns, and at 
the end of each run to help normalize the data during the anal-
ysis stage.

Spectra were analyzed using OMNIC 9 software (Thermo 
Scientific, version 9.2.86). An Auto Baseline correction was 
completed to ensure all spectra were read above or at 0.00 ab-
sorbance. An ATR Correction was completed in the software to 
adjust for shifting that occurs in the absorption bands from the 
diamond prism. Following France et al.  (2020), we used three 
baseline ranges to measure various peaks necessary to calculate 
the most common ratios used to assess diagenetic alteration and 
bone preservation (Table S3, Table S4).
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France et al. (2020, 13) suggest that C/P ratios are “the more 
valuable indicator of preservation status for bone” if the sam-
ples have been chemically treated to remove organics and 
exogenous carbonates. Following this, we use C/P ratios in 
conjunction with IR-SF values and extend the threshold for 
IR-SF values to a range of 2.5–4.5 and follow a C/P range of 
0.05–0.32 (France et al. 2020; Hopkins et al. 2016). Four bone 
powders did not have enough material after isotopic analysis 
to measure on the FTIR. Because of the high variability in 
sample preservation, we have excluded them from this study. 
Among the original 95 samples processed, the final anal-
ysis includes 46 bone samples with viable δ18O values (see 
Table S1).

2.6   |   Statistical Approach

The oxygen isotope data generated in this study were analyzed 
in the R statistical environment (R Core Team 2023) using na-
tive tools as well as the tidyverse (Wickham et al. 2019), e1071 
(Meyer et al. 2023), and dplyr (Wickham et al. 2023) packages. 
Data were visualized using ggplot2 (Wickham et al. 2024), gg-
pubr (Kassambara 2023), ggthemes (Arnold et al. 2024), plotly 
(Sievert et al. 2024), and wacolors (McCartan 2022).

2.6.1   |   Defining the Local Range of Oxygen for Santa 
Rita Corozal

To determine the number and potential source locations of 
migrants to Santa Rita Corozal, the range of oxygen isotope 
values local to the area around the site must first be defined 
(Freiwald 2011; Locker et al. 2023; Pederzani and Britton 2019; 
Price et al. 2002). Once a local range is established, individuals 
whose dental or skeletal δ18O values fall outside the local range 
may be identified as non-local to the area. In other words, any 
Ancestor whose δ18O value falls below or above the local range 
is non-local.

There are several approaches to establishing a local range. For 
example, many archaeological studies use precipitation and 
surface water samples (i.e., drinking water) to establish a local 
oxygen isotope range (see for example Chenery et  al.  2012; 
Daux et al. 2008; Dotsika 2020; Pellegrini et al. 2016; Pollard 
et al. 2011; Scherer et al. 2015). However, research shows that 
δ18O values of meteoric water in Mesoamerica can change 
throughout a given year due to hydrologic processes such 
as drought, evaporation, wet-dry seasonality, recharge, and 
strong storms (Fan et  al.  2022; García-Santos et  al.  2022; 
Lachniet and Patterson 2009; Paíz et al. 2023; Sánchez-Murillo 
et  al.  2020; Wassenaar et  al.  2009). Additionally, δ18O values 
of human bone and dentition can differ from those of water 
sources due to the accessibility of those water sources, breath-
ing, different cooking processes, expelling waste, ingestion of 
water from food sources, seasonality, and sweating (Dupras 
and Schwarcz  2001; Lightfoot and O'Connell  2016; Locker 
et al. 2023; Pederzani and Britton 2019; Pellegrini et al. 2016). 
To circumvent these issues, representative local oxygen isotope 
ranges can be determined through statistical analyses of the 
distribution of isotope ratios in dental enamel from a burial 
population (Lightfoot and O'Connell 2016; Locker et al. 2023; 

Pellegrini et al. 2016), and this is the approach we use in this 
study. Specifically, we use Tukey's Interquartile Range (IQR) 
to define local as ±1.5*IQR beyond Q1 and Q3 of the burial 
population. This approach is conservative in that it allows 
for a wider range for local δ18O values of ancient humans and 
therefore demands a higher level of distinction in identifying 
non-local individuals, minimizing the risk of false positives. 
Using this approach, local ranges for Santa Rita Corozal were 
determined through measurements of oxygen isotopes from 
M3 molars. These teeth spanned the Middle Preclassic (BCE 
900–300) through the Late Postclassic (CE 1200–1532) and rep-
resent 42 Ancestors.

Because natural and anthropogenic processes can alter δ18O val-
ues measured in human dental and skeletal elements over differ-
ent time periods (Locker et al. 2023; Pederzani and Britton 2019), 
we included statistical tests to evaluate whether isotopic values 
covaried with time. If there are no significant differences be-
tween δ18O values and time, then it is feasible to define a single 
local range for all isotopic data to define non-local individuals. 
If, however, δ18O values differ significantly between time pe-
riods, it would be necessary to define multiple local ranges to 
define non-local values within each temporal subset. Therefore, 
prior to identifying non-local individuals, we divided δ18O val-
ues from all M3 enamel samples by major time periods—Middle 
Preclassic, Late Preclassic, Early Classic, Late Classic, Terminal 
Classic, and Late Postclassic. We then checked for statistical dif-
ferences between time periods using Kruskal-Wallis tests, one-
way ANOVA, and a Tukey's test.

2.6.2   |   Comparing Bone Carbonate to Enamel 
Carbonate Samples

Prior studies have shown that there are different fractionation 
factors impacting the carbonate component of bone and enamel 
skeletal elements in mammals (Passey et al. 2005; Warinner and 
Tuross 2009; Webb et al. 2014). This results in an offset between 
δ18O values. To compensate for this offset, we adjusted the δ18O 
values of our measured bone samples by +1.4‰, following the 
study on archaeological human remains by Webb et al. (2014). 
This adjustment enables us to compare bone carbonates with 
dental enamel carbonates directly.

2.6.3   |   Comparing δ18O Values Generated in This Study 
With Prior Data From Other Maya Sites

Multiple previous studies of migratory isotopes have been con-
ducted across Maya sites (Freiwald  2020; Howie et  al.  2010; 
Locker et  al., this study  2023; Negrete et  al.  2020; Olsen 
et al. 2014; Ortega-Muñoz et al. 2019, 2021; Price et al. 2002, 
2012, 2014, 2018a, 2018b; Rand 2016, 2020; Sharpe et al. 2022; 
Sierra Sosa et  al.  2014; Somerville et  al.  2016; Suzuki 
et al. 2018, 2020; White et al. 1998, 2001, 2002, 2004a, 2004b, 
2007; Wright 2012; Wright et al. 2010). These studies defined 
their local δ18O ranges using multiple statistical approaches. 
These approaches vary in identifying non-local individuals 
from taking the mean of the dataset ±1‰ (Howie et al. 2010; 
White et al. 2001, 2007; Wright et al. 2010), to taking the mean 
of the dataset ±1 standard deviation (Rand 2016), to taking the 
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mean of the dataset ± 2 standard deviations (Freiwald 2020; 
Price et al. 2018a, 2018b; Rand et al. 2020; Suzuki et al. 2018, 
2020), to ±1.5*IQR beyond Q1 and Q3 (Locker et al. 2023, this 
study; Negrete et  al.  2020; Ortega-Munoz et  al.  2019, 2021; 
Price et  al.  2012). To adjust for these differences and make 
data from prior studies comparable to the data generated in 
this study, we have re-calculated δ18O ranges for each of the 
sites included on this map using ±1.5*IQR beyond Q1 and Q3 
of the original datasets. Note, this recalculation using IQR 
statistics changes the original local ranges for many of these 
sites, and thus, lowers the number of non-local individuals 
identified by δ18O values. Similar findings were discussed in 
Lightfoot and O'Connell (2016) for various archaeological sites 
around the world. Any original data reported from bone sam-
ples were adjusted by +1.4‰ following the approach described 
in Section 2.6.2 (Webb et al. 2014).

Importantly, δ18O values were also measured differently across 
previous studies. Some measured phosphates; some, carbon-
ates. Carbonate δ18O values originally reported on the Vienna 
Pee Dee Belemnite (VPDB) scale were converted to the VSMOW 
scale using the equation: δ18OVSMOW = (δ18OVPDB × 1.03091) + 
30 .91 (Coplen 1988). Phosphate δ18O values were converted to 
carbonates on the VSMOW scale using the equation: δ18Op = (δ1

8OVSMOW × 1.0322) − 9.6849 (Chenery et al. 2012).

3   |   Oxygen Isotope Results

We began by evaluating whether δ18O values covary with the 
time period at Santa Rita Corozal. If no significant tempo-
ral covariance is detected, it is possible to define a single local 
range to identify non-locals. In contrast, if significant temporal 

FIGURE 5    |    Boxplot of δ18O values of bone and enamel samples through time. Whiskers reflect the local range for oxygen isotopes at Santa Rita 
Corozal. Local is defined as ±1.5*IQR beyond Q1 and Q3 of M3 enamel samples (Lightfoot and O'Connell 2016; Locker et al. 2023). MPre = Middle 
Preclassic, LPre = Late Preclassic, EC = Early Classic, LC = Late Classic, TC = Terminal Classic, LPost = Late Postclassic, NA = unknown context. 
Purple represents the local range for Santa Rita Corozal. Orange dots represent bone and/or enamel of ancestors whose δ18O values are higher than 
the local range for Santa Rita Corozal. Blue dots represent bone and/or enamel of ancestors whose δ18O values are lower than the local range for 
Santa Rita Corozal.

TABLE 3    |    Ancestors included in this study. Results show averaged δ18O values by time of dental enamel and bone powder samples from Ancestors 
recovered from archaeological excavations during the Corozal Postclassic Project. Chronology was determined by ceramics recovered from graves.

Time period No. of ancestors

Average 
δ18OVSMOW‰ 

total population

Average 
δ18OVSMOW‰ 

excluding 
non-locals

No. ancestors 
identified as 

non-local % Non-local

Middle preclassic 8 +26.5‰ +26.9‰ 2 25%

Late preclassic 9 +26.4‰ +26.6‰ 1 11%

Early classic 13 +27.0‰ +26.8‰ 1 8%

Late classic 12 +26.9‰ +27.0‰ 1 8%

Terminal classic 2 +27.1‰ +27.1‰ 0 0%

Postclassic 38 +27.2‰ +27.1‰ 3 8%

N/A 3 +26.1‰ +26.1‰ 0 0%

Total 85 +26.7‰ +26.8‰ 8 9%
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covariance is detected, multiple local ranges would be necessary 
for each time period to identify non-locals. We find that mean 
δ18O values and interquartile ranges are consistent through 
time (Figure 5), which is corroborated by a Kruskal-Wallis test 
(chi-squared = 7.637, df = 5, p-value = 0.177), a one-way ANOVA 
( f-value = 2.144, p-value = 0.083), and a Tukey's test (lowest p-
value = 0.110, see Table S5).

Given that there are no statistical differences in δ18O values be-
tween time periods at Santa Rita Corozal, a single local oxygen 
isotope range is appropriate, here defined as +24.1‰ to +29.3‰. 
As seen in Figure 5, eight Ancestors out of 85 Ancestors in the 
study (9%) fall outside the statistically calculated local oxygen 
range for Santa Rita Corozal and are identified as being non-local 
(see also Table 3, Table S1). Migration to Santa Rita Corozal is 
present in every major time period, except the Terminal Classic. 
This is likely due to the small number of Terminal Classic buri-
als available in the sample (n = 2), rather than an absence of in-
flux during the Terminal Classic. Of importance is that these 
non-local Ancestors came from different geographical areas 
during different time periods, as evidenced by the δ18O values 
either below or above Santa Rita Corozal's local δ18O range.

Figure 6 shows δ18O values measured at other sites across the 
Maya world. We acknowledge this comparison between data-
sets has limitations due to differences in sample preparation 
methods, labs used for analyses, and differences in conversion 
equations available for use (see, e.g., Chenery et al. 2012; Daux 
et al. 2008; Iacumin et al. 1996; Levinson et al. 1987); however, 
we made appropriate statistical adjustments (see Section 2.6.3) 
to publicly available oxygen isotope data to facilitate compar-
isons, and Figure  6 allows for the visualization of geographic 

trends in oxygen isotope ratios. Based on the oxygen isotope 
ranges at these sites, it is possible to estimate the cultural 
area of origin (e.g., Northern Lowlands, Southern Lowlands, 
Metamorphic Province, Volcanic Highlands, Maya Mountains), 
perhaps different regions within a given cultural area (e.g., the 
Petén Region vs. northern Belize, both located in the Southern 
Lowlands), and a group of potential sites of origin where com-
parative data currently exist. Pinpointing a single site of origin, 
however, is not yet and may not become possible.

Measured δ18O values of precipitation, surface, and groundwater 
samples collected across Mexico and Central America change 
on a SW–NE axis in the Maya world, becoming more positive as 
you move from the Volcanic Highlands N/NE to the Northern 
Lowlands (Lachniet and Patterson  2009; Pérez et  al.  2011; 
Sánchez-Murillo and Birkel 2016). Human skeletal elements are 
more complicated because they have much larger δ18O ranges 
and because δ18O values in humans are affected by various bio-
logical, hydrological, and anthropogenic processes. δ18O values 
in humans drastically increase from the Highlands to the Petén 
and northern Belize areas and then slightly decrease as you 
move closer to the Caribbean coast (Figure 6). The δ18O range 
for Santa Rita Corozal is highlighted purple. Gray bars indicate 
oxygen local ranges for those sites that fall completely within the 
local range for Santa Rita Corozal, and any potential migrants 
from these sites are therefore not detectable with a stable oxy-
gen approach. Orange bars indicate potential places of origin for 
migrants at Santa Rita Corozal with high δ18O values because 
their upper bounds include values above the established local 
range for Santa Rita Corozal. Blue bars indicate potential places 
of origin for migrants at Santa Rita Corozal with low δ18O values 
because their lower bounds include values that fall below the 

FIGURE 6    |    Ranges of local δ18O values from various ancient Maya archaeological sites arranged by geographic location, SW–NE. Purple bar 
represents the δ18O range for Santa Rita Corozal. Orange bars represent sites with local δ18O ranges that are higher than the local range for Santa 
Rita Corozal. Blue bars represent sites with local δ18O ranges that are lower than the local range for Santa Rita Corozal. The purple horizontal bar 
shows how the local δ18O range for Santa Rita Corozal compares to other sites in Mesoamerica.  
Source: Data from (Freiwald 2020; Howie et al. 2010; Locker et al. 2023; Negrete et al. 2020; Olsen et al. 2014; Ortega-Muñoz et al. 2019, Ortega-
Muñoz and Cucina 2021; Price et al. 2012, 2014, Price et al. 2018a, Price et al. 2018b, 2020; Rand 2016; Rand et al. 2020; Sharpe et al. 2022; Sierra 
Sosa et al. 2014; Somerville et al. 2016; White et al. 1998, 2001, 2002, 2004a, 2004b, 2007; Wright 2012; Wright et al. 2010).
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established local range for Santa Rita Corozal (see also Figure 2 
for geographic location and Figure 5 for associated chronology).

In assessing the spatial and temporal information for the eight 
individuals who are non-local to Santa Rita Corozal in this 
study, it is clear that migrants are drawn from different places 
across different time periods (Figures 5 and 6, Table S1). Again, 
while it is not possible to identify a precise place of origin for 
Ancestors by measured isotope ratios, we can identify general 
areas from which the Ancestors may have moved (Table 4) by 
comparing to existing, published datasets. Migrants from the 
Preclassic and Late Classic came from places with δ18O values 
lower than the local range for Santa Rita Corozal. Migrants from 
the Early Classic and Postclassic came from places with δ18O 
values higher than the local range for Santa Rita Corozal.

4   |   Discussion

To reconstruct patterns of Maya mobility at Santa Rita Corozal 
in relation to its social, political, and demographic changes over 
time, and to gauge potential places of origin for migrants in-
terred at Santa Rita Corozal, we measured stable oxygen isotopes 
from 96 Maya Ancestors spanning every pre-colonial phase of 
Maya chronology over a period of nearly three millennia. Based 
on the knowledge of local Maya people as well as the ethnohis-
toric, archaeological, and bioarchaeological evidence about the 
relationships between sociopolitical change and movement, we 
made four predictions about the migratory history of Santa Rita 
Corozal that we evaluated using the stable oxygen data gener-
ated in this study.

First, based on the archaeological record showing shifting cul-
tural affinities over time at Santa Rita Corozal and the ethnohis-
toric record documenting population movements in the Maya 
area, we predicted that migrants would be drawn from different 

geographical regions across the different chronological phases at 
the site. The stable oxygen isotope data presented here confirm 
that non-local individuals were coming from different places 
and that those places varied through time. In the Preclassic 
and Late Classic, δ18O values of non-locals fall below the local 
range for Santa Rita Corozal. Other sites sharing similar values 
are generally found in regions with high elevation and include 
sites such as Teotihuacan, Monte Alban, and Kaminaljuyu (lo-
cated in the Maya Highlands). Contrary to δ18O values of earlier 
periods, non-local individuals recovered from Early Classic and 
Late Postclassic contexts have higher δ18O values, indicating 
that migrants likely came from places of low elevation in the 
Southern or Northern Lowlands. Published data for sites with 
more positive δ18O values than Santa Rita Corozal include Altun 
Ha, Calakmul, Chaa Creek, Chinikiha, Lamanai, La Milpa, 
Tikal, and Yaxuna. There are several caveats to consider here. 
First, many of the potential places of emigration point to sites 
that were significantly depopulated before the Late Postclassic. 
Second, surrounding and neighboring areas to depopulated 
places may have had occupation that has not been excavated, 
meaning it has no archaeological presence. Third, not all archae-
ological sites have stable isotope data reported for them, so we 
are likely missing many potential places of emigration. Finally, 
there is a lot of overlap between sites, pointing to the complexi-
ties of determining a singular point of emigration for non-local 
individuals. Additional isotopic analyses (i.e., strontium, lead, 
sulfur) will be useful in helping to identify potential places of or-
igin that have overlapping δ18O values. It is likely that once these 
additional isotopic analyses are completed, more non-locals will 
be observed within the burial population. Regardless of these 
complexities, our data confirm that non-local individuals came 
from different places through time.

Second, we predicted a potential influx of non-local people 
during the Middle Preclassic when the city was first established. 
This prediction was based in part upon prior archaeological 

TABLE 4    |    Ancestors identified as being non-local to Santa Rita Corozal based on measured δ18O values from their dental and skeletal elements. 
δ18O values that fall outside the local range for Santa Rita Corozal are bolded. Paired tissues are included when available and when QC checks were 
met.

Time period Ancestor ID Element δ18O Potential places of origin

Middle preclassic SRC 31 Long bone frag. +25.9‰ Mountainous regions or places of high elevation. 
Potentially Basin of Mexico or Maya Highlands.M1 +23.3‰

SRC 27 Femoral shaft +24.0‰ Mountainous regions or places of high elevation. 
Potentially Basin of Mexico or Maya Highlands.

Late Preclassic SRC 49 M1 +23.1‰ Mountainous regions or places of high elevation. 
Potentially Basin of Mexico or Maya Highlands.

Early Classic SRC 02 Long bone frag. +29.8‰ Places of low elevation. Potentially Maya Northern 
Lowlands or Maya Southern Lowlands.

Late Classic SRC 35 Molar +23.1‰ Mountainous regions or places of high elevation. 
Potentially Basin of Mexico or Maya Highlands.

Late Postclassic SRC 12 Femoral shaft +30.1‰ Places of low elevation. Potentially Maya Northern 
Lowlands or Maya Southern Lowlands.SRC 10 M3 +29.8‰

SRC 70 phalanx +29.8‰
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evidence showing that the site grew from an initial population of 
approximately 150 residents in the Middle Preclassic to approxi-
mately 1000 residents during the Late Preclassic, which could be 
due to local population growth, migration, or both (Chase 1990; 
Chase and Chase 2004; Iannone et al. 2014). Given the available 
sample size that we have, the δ18O data provided here suggest 
that migration may have peaked during the Middle Preclassic. 
The δ18O data indicate that non-local residents made up 25% of 
the sampled burial population from the Middle Preclassic and 
11% of the sampled burial population from the Late Preclassic. 
The Middle Preclassic percentage is approximately three times 
higher than rates of migration during the later time periods. 
However, the limited samples available from these earlier time 
periods may be influencing these patterns, and future studies at 
this and other sites will be necessary to determine whether the 
finding of high mobility in the earliest phases of the city holds 
with denser sampling.

Despite the potential impact of sampling bias on rates of mi-
gration during the Preclassic at Santa Rita Corozal, previous 
isotopic studies of migration in other parts of Mesoamerica sug-
gest that our findings are within the range of possibility. For 
example, similar findings of higher rates of migration during 
the Preclassic compared to other time periods have been found 
at other nearby sites in Belize, such as those in the Rio Bravo 
Conservation and Management Area (Locker et  al.  2023). 
Within this context, our present data may therefore provide 
some support for the prediction that an influx of migrants oc-
curred as the city was established during the Preclassic phases 
at Santa Rita Corozal.

Next, given the dramatic change in sociopolitical organi-
zation and the remapping of regional networks during the 
Postclassic evident in the archaeological record, we predicted 
that the Classic to Postclassic transition would be an inflec-
tion point in the number and origins of migrants to Santa Rita 
Corozal. The Late Classic movement to Santa Rita Corozal oc-
curs around the time when Teotihuacan declines between CE 
550–650, and large-scale sociopolitical changes in the Basin of 
Mexico may have played a role in causing migration through-
out Mesoamerica (Clayton  2013; Cowgill  1997; Nichols  2016; 
Sugiyama et al. 2015). In terms of the scale of migration, our pre-
dictions did not necessarily hold for the Postclassic. Rather than 
migration reaching a peak in the Postclassic, the δ18O data sug-
gest that while movement occurred during the Late Postclassic, 
it may have been smaller in scale than earlier time periods. In 
fact, non-local individuals made up only 8% of the total burial 
population from the Late Postclassic in our sample, which is 
substantially less than the levels of migration seen in the Middle 
Preclassic, when the rate of migration may have been greater at 
Santa Rita Corozal. More importantly, the rate of migration to 
Santa Rita Corozal in the Late Postclassic is similar to the rates 
experienced during the Early and Late Classic periods, indicat-
ing that movement to the site appears constant through these 
periods of time. While this rate may be affected by sampling 
density, the number of individuals sampled in the Postclassic 
was the greatest of any archaeological phase in this study yet 
had fewer migrants than the Preclassic phases. However, if 
more migration was occurring during this time, it may have 
been from other places with similar δ18O values (i.e., other sites 
from the Northern and Southern Lowlands).

Our results do offer some support for the prediction of an in-
flection point in the geographic origins of migrants to Santa 
Rita Corozal in the Postclassic and help to inform multiple pos-
sible scenarios indicated by the archaeological and ethnohis-
toric records. On the one hand, the presence of Mixteca-Puebla 
murals on Mound 1 at Santa Rita Corozal and other trends in 
material culture indicate ties to the Northern Lowlands and 
Mexico. Multiple Postclassic burials from Santa Rita Corozal 
have mortuary items that align with the northern Yucatán 
(Chase and Chase  2008). Additionally, Late Postclassic ob-
sidian deposits show that Santa Rita Corozal was part of a 
broader trade and exchange system with central Mexico (Seidita 
et  al.  2018). Therefore, it is possible that migrants were arriv-
ing at Santa Rita Corozal from the Northern Lowlands and had 
contact with Mexico in the Late Postclassic. However, most of 
the sites in the Petén and Southern Lowlands were depopu-
lated in the Terminal Classic, though there was some contin-
ued occupation into the Postclassic periods along coastal, river, 
lacustrine, or lagoonal spaces, such as the Petén lakes region 
(Chase and Rice 1985), northwestern Belize (Houk et al. 2008), 
Lamanai (Graham 2004), and Colha (Barrett and Scherer 2005). 
Therefore, it is possible that migrants may have arrived at Santa 
Rita Corozal from these regions. The ethnohistoric record pro-
vides additional perspectives on potential population dynamics 
during this period. Specifically, the Chilam Balam describes 
multiple movement events from the Petén and the Gulf of 
Mexico to the Northern Lowlands, beginning around CE 692 
(Edmonson 1982, 1986). These initial movements are followed 
by multiple movement events throughout the Northern Yucatán, 
return migration events back to the Petén, and later from the 
Petén back to the Northern Lowlands, beginning as early as CE 
948 and as late as CE 1539. Taken together, there are multiple 
and potentially overlapping scenarios for migration to Santa 
Rita Corozal.

The oxygen isotope data collected in this study therefore sup-
port a complex interplay of the scenarios presented by the ar-
chaeological and ethnohistoric records. Based on δ18O values, 
one potential place of origin for Ancestor SRC 70 from the Late 
Postclassic is Yaxuna (Price et al. Price et al. 2018a, 2018b), lo-
cated some 18 km SW of Chichén Itzá in the Northern Lowlands. 
If this was the site of origin for this non-local Ancestor, the nar-
rative from the Chalam Balam books fits rather well. So too 
are these cultural links to the Northern Lowlands in Mexico 
apparent in the Postclassic archaeological assemblage. On the 
other hand, Ancestors SRC 10 and SRC 12 have δ18O values that 
indicate they may have come from somewhere in the Southern 
Lowlands. Their values match published datasets available from 
sites such as Calakmul (Price et al., Price et al. 2018a, 2018b), 
Lamanai (Howie et al. 2010), La Milpa (Locker et al. 2023), Tikal 
(Wright 2012), or other sites representative of western Belize and 
the Petén. Again, there is a possibility that Ancestors who moved 
to Santa Rita Corozal may have come from other places that do 
not have data available in isotopic studies. Given the similarities 
in some Late Postclassic materials, it is conceivable that people 
from Santa Rita Corozal were able to trade for luxury items from 
across Mesoamerica. What these data do inform, however, is 
that the immigrants from the Late Postclassic came from differ-
ent places than immigrants from the Preclassic, which supports 
our prediction of an inflection point. Future analyses will fur-
ther evaluate movement from locations with overlapping δ18O 

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 19 American Journal of Biological Anthropology, 2025

values by using strontium isotopes. This will help clarify the po-
tential relationships between recovered burial material remains, 
the ethnohistoric record, and the δ18O values from this study.

In thinking of Santa Rita Corozal as being positioned as a bridge 
between two major cultural regions of the Maya area (i.e., the 
Northern Lowlands and the Southern Lowlands), it makes sense 
that traditions from both areas would be present and that their 
relative composition would shift throughout time along with 
sociopolitical and economic arrangements. Santa Rita Corozal 
likely did not fall under the realm of polities from either cultural 
region and maintained its autonomy through time (Iannone 
et  al.  2014). This ability to interact within multiple political 
spheres, shift, and realign itself may have been advantageous 
for Santa Rita Corozal during the Late Postclassic as it was able 
to attract populations leaving these spaces. Already a space em-
bedded within a broad trade and exchange system, where Santa 
Rita Corozal controlled waterway access (Awe et al. 2020; Chase 
and Chase 1989, 2004, 2005, 2020), the site was able to flourish 
during multiple periods where sociopolitical and environmental 
change disrupted other areas of the Maya world. For example, 
unlike other sites in the Southern Lowlands, Santa Rita Corozal 
did not decline in the Postclassic, but rather tripled its popula-
tion (Chase 1990; Chase and Chase 2004; Iannone et al. 2014) 
and claimed the seat of power for the Late Postclassic Province 
of Chetumal (Awe et  al.  2020; Chase and Chase  1985, 1988; 
Iannone et al. 2014). Furthermore, because immigrating groups 
of people came from multiple geographic regions throughout 
time, the site was already known to external groups of people 
and could attract new immigrants due to established migratory 
networks already in place.

Finally, because Santa Rita Corozal controlled an active trade 
port within such a broad network, it could continue to persist by 
relying upon trade relations that existed outside of the control of 
broader regional powers. In other words, Santa Rita Corozal did 
not rely on its subordinance to other spaces and places to trade 
and thrive. Rather, it maintained control of its own relationships 
for trade and exchange outside of the political spheres to the 
north, west, and south. This allowed it to shift its sociopolitical 
and economic relationships in periods of profound transforma-
tion across the broader Maya world. In other words, if sites in 
the Southern Lowlands experienced decline, Santa Rita Corozal 
could turn its attention to the south and north. When sites in the 
Northern Lowlands experienced turmoil in the Late Postclassic, 
Santa Rita Corozal could reopen trade with sites in the Petén. 
In this manner, it could persist despite broader sociopolitical 
transformation because it existed outside regional sociopolitical 
control.

5   |   Conclusion

The Maya were and continue to be a people of movement. In 
reconstructing patterns of migration at Santa Rita Corozal, we 
identified eight individuals as being clearly non-local (although 
others may have been as well). Oxygen isotope data presented 
here show that movement to Santa Rita Corozal occurred 
throughout time and that, depending on the time period, places 
of origin shifted. These shifts coincide with the ethnohistoric 
records detailed in the Chilam Balam books as well as the 

archaeological record of Santa Rita Corozal. To better flesh out 
some of the complexities of these movements throughout time 
and to better constrain geographic places of origin, future re-
search will include strontium, lead, and sulfur isotopic analyses 
of the currently sampled and future sampled Ancestors from 
the site. Because Santa Rita Corozal bordered the Southern and 
Northern Lowlands, it had no permanent alliance to, or rather 
was never under the direct control of, polities to its north, west, 
or south. Instead, Santa Rita Corozal existed within its own au-
tonomous sphere and could attract people from different places 
throughout time. The sociopolitical flexibility seen at Santa Rita 
Corozal may have contributed significantly to the persistence 
of the site through time and across the Classic to Postclassic 
transition. This study therefore provides important diachronic 
insights not only into three millennia of Maya movement in re-
sponse to sociopolitical change at Santa Rita Corozal but also 
how context-specific geopolitical relationships have shaped de-
mographic processes at this site differently relative to others in 
the Maya world.
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Endnotes

	1	We use the term “Ancestor” throughout this manuscript to denote 
individuals recovered from archaeological excavations at Santa Rita 
Corozal (SRC). This terminology reflects conventions advocated by 
Indigenous scientists (e.g., Claw et al. 2017; Fox 2021) as well as de-
cisions made in connection with Maya community partners in Belize 
about how to speak of persons interred at SRC. Collectively, this termi-
nology is intended to express our understanding that people recovered 
from the archaeological excavations at SRC are not merely material 
representations of once living persons, but are themselves persons 
to our Maya collaborators, the wider Maya communities living in 
northern Belize, and ourselves. We therefore often use “Ancestor” as 
a qualifier of, or in substitution of, conventional terminology such as 
“collections”, “remains”, “materials”, etc. Further, as there are many 
usages and meanings of the term “Ancestor” both colloquial and sci-
entific, we broaden our usage of the term from the confines of descent. 
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While an Ancestor in our usage may include a person from whom liv-
ing Maya people descend (whether or not this is knowable), this term 
may also include ancient Maya persons whom living Maya peoples and 
our collaborators regard as sacred, with or without the condition or 
knowledge of descent.

References

Aimers, J. J. 2007. “What Maya Collapse? Terminal Classic Variation 
in the Maya Lowlands.” Journal of Archaeological Research 15: 
329–377.

Andrews, A. P. 1993. “Late Postclassic Lowland Maya Archaeology.” 
Journal of World Prehistory 7, no. 1: 35–69. https://​doi.​org/​10.​1007/​
BF009​78220​.

Arnauld, M. C., C. S. Beekman, and G. Pereira, eds. 2021. Mobility, 
Migration, and Ancient Mesoamerican Cities. University Press of 
Colorado.

Arnold, J. B., G. Baroczi, B. Werth, et al. 2024. “Ggthemes: Extra Themes, 
Scales and Geoms for ggplot2. R package version 5.1.0.9000.” https://​
github.​com/​jrnold/​ggthemes. https://​jrnold.​github.​io/​ggthe​mes/​.

Ash, M. M., and S. J. Nelson. 2003. Wheeler's Dental Anatomy, 
Physiology, and Occlusion. 8th ed. Saunders.

Awe, J. J., J. Can, A. F. Chase, and D. Z. Chase. 2020. “Archaeological 
Investigations and Conservation at Santa Rita Corozal: Results of the 
2012-2013 Belize Institute of Archaeology Project.” Research Reports in 
Belizean Archaeology 17: 153–165.

Barrett, J. W., and A. K. Scherer. 2005. “Stones, Bones, and Crowded 
Plazas: Evidence for Terminal Classic Maya Warfare at Colha, Belize.” 
Ancient Mesoamerica 16, no. 1: 101–118. https://​doi.​org/​10.​1017/​S0956​
53610​5050091.

Beekman, C. S. 2019. Migrations in Late Mesoamerica, edited by C. S. 
Beekman. University Press of Florida.

Boot, E. 2019. “The Itzá Maya Migration Narratives: Historic Reality, 
Mythology, or … Weighing the Idea of Migrations in Light of New 
Research.” In Migrations in Late Mesoamerica, edited by C. S. Beekman, 
241–284. University Press of Florida.

Chase, D. Z. 1981. “The Maya Postclassic at Santa Rita Corozal.” 
Archaeology 34, no. 1: 25–33.

Chase, D. Z. 1984. “The Late Postclassic Pottery of Santa Rita Corozal, 
Belize: The Xabalxab Ceramic Complex.” Ceramica de Cultura Maya 
13: 18–26.

Chase, D. Z. 1985. “Ganned but Not Forgotten: Late Postclassic 
Archaeology and Ritual at Santa Rita Corozal, Belize.” In The Lowland 
Maya Postclassic, edited by A. Chase and P. Rice, 104–125. Columbian 
Art Research Institute.

Chase, D. Z. 1986. “Social and Political Organization in the Land of 
Cacao and Honey: Correlating the Archaeology and Ethnohistory of the 
Lowland Postclassic Maya.” In Late Lowland Maya Civilization: Classic 
to Postclassic, edited by J. A. Sabloff and E. W. Andrews, 347–377. 
University of New Mexico Press.

Chase, D. Z. 1990. “The Invisible Maya: Population History and 
Archaeology at Santa Rita Corozal.” In Prehistoric Population History 
in the Maya Lowlands, edited by T.P. Culbert and D. S. Rice, 199–213. 
University of New Mexico Press.

Chase, D. Z. 1992. “Postclassic Maya Elites: Ethnohistory and 
Archaeology.” In Mesoamerican Elites: An Archaeological Assessment, 
edited by D. Z. Chase and A. F. Chase, 124–135. University of Oklahoma 
Press.

Chase, D. Z. 1997. “Southern Lowland Maya Archaeology and Human 
Skeletal Remains: Interpretations From Caracol (Belize), Santa Rita 
Corozal (Belize), and Tayasal (Guatamala).” In Bones of the Maya: 

Studies of Ancient Skeletons, edited by S. L. Whittington and D. M. Reed, 
15–27. Smithsonian Institution Press.

Chase, D. Z., and A. F. Chase. 1985. “Refining Maya Prehistory: 
Archaeology at Santa Rita Corozal.” New Belize 15, no. 11&12: 14–17.

Chase, D. Z., and A. F. Chase. 1986. Offerings to the Gods: Maya 
Archaeology at Santa Rita Corozal. University of Central Florida.

Chase, D. Z., and A. F. Chase. 1988. A Postclassic Perspective: Excavations 
at the Maya Site of Santa Rita Corozal, Belize. Pre-Columbian Art 
Research Institute Monograph 4.

Chase, D. Z., and A. F. Chase. 1989. “Routes of Trade and Communication 
and the Integration of Maya Society: The Vista From Santa Rita Corozal, 
Belize.” In Costal Maya Trade, edited by H. McKillop and P. F. Healy, 
19–32. Trent University Occasional Papers in Anthropology No. 8.

Chase, D. Z., and A. F. Chase. 2004. “Santa Rita Corozal: Twenty Years 
Later.” Research Reports in Belizean Archaeology 1: 243–255.

Chase, D. Z., and A. F. Chase. 2005. “The Early Classic Period at Santa 
Rita Corozal: Issues of Hierarchy, Heterarchy and Stratification in 
Northern Belize.” Research Reports in Belizean Archaeology 2: 111–129.

Chase, D. Z., and A. F. Chase. 2006. “The Dawn of Maya Civilization: 
Preclassic Period Archaeology From Santa Rita Corozal.” Research 
Reports in Belizean Archaeology 3: 85–100.

Chase, D. Z., and A. F. Chase. 2008. “Late Postclassic Ritual at Santa 
Rita Corozal, Belize: Understanding the Archaeology of a Maya Capital 
City.” Research Reports in Belizean Archaeology 5: 79–92.

Chase, A. F., and D. Z. Chase. 2020. “Life at the Edge of the Maya World: 
Late Classic Period Ceramics From Burials and Caches at Santa Rita 
Corozal, Belize.” Reports in Belizean Archaeology 17: 33–44.

Chase, D. Z., and A. F. Chase. 2021. “The Rupture of Classic Maya Divine 
Kinship From the Perspective of Postclassic Archaeology, Iconography, 
and Ethnohistory.” In Maya Kinship: Rupture and Transformation 
From Classic to Postclassic Times, edited by T. Okoshi, A. F. Chase, P. 
Nondedeo, and M. C. Arnauld, 291–310. University Press of Florida.

Chase, A. F., and P. M. Rice. 1985. The Lowland Maya Postclassic. 
University of Texas Press.

Chase, A. S. Z., D. Z. Chase, and A. F. Chase. 2018. “Situating Preclassic 
Interments and Fire-Pits at Santa RIta Corozal, Belize.” Research 
Reports in Belizean Archaeology 15: 159–167.

Chase, D. Z., J. Lobo, G. M. Feinman, et  al. 2023. “Mesoamerican 
Urbanism Revisited: Environmental Change, Adaptation, Resilience, 
Persistence, and Collapse.” Proceedings of the National Academy of 
Sciences 120, no. 31: e2211558120.

Chenery, C. A., V. Pashley, A. L. Lamb, H. J. Sloane, and J. A. Evans. 
2012. “The Oxygen Isotope Relationship Between the Phosphate and 
Structural Carbonate Fractions of Human Bioapatite: Relationship 
Between Phosphate and Structural Carbonate δ18O in Human 
Enamel.” Rapid Communications in Mass Spectrometry 26, no. 3: 
309–319.

Claw, K. G., D. Lippert, J. Bardill, et  al. 2017. “Chaco Canyon Dig 
Unearths Ethical Concerns.” Human Biology 89, no. 3: 177–180.

Clayton, S. C. 2013. “Measuring the Long Arm of the State: Teotihuacan's 
Relations in the Basin of Mexico.” Ancient Mesoamerica 24, no. 1: 87–
105. https://​doi.​org/​10.​1017/​S0956​53611​3000059.

Coplen, T. B. 1988. “Normalization of Oxygen and Hydrogen Isotope 
Data.” Chemical Geology 72: 293–297.

Cowgill, G. L. 1964. “The End of Classic Maya Culture: A Review of 
Recent Evidence.” Southwestern Journal of Anthropology 20: 145–159.

Cowgill, G. L. 1997. “State and Society at Teotihuacan, Mexico.” Annual 
Review of Anthropology 26, no. 1: 129–161. https://​doi.​org/​10.​1146/​
annur​ev.​anthro.​26.1.​129.

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/BF00978220
https://doi.org/10.1007/BF00978220
https://github.com/jrnold/ggthemes
https://github.com/jrnold/ggthemes
https://jrnold.github.io/ggthemes/
https://doi.org/10.1017/S0956536105050091
https://doi.org/10.1017/S0956536105050091
https://doi.org/10.1017/S0956536113000059
https://doi.org/10.1146/annurev.anthro.26.1.129
https://doi.org/10.1146/annurev.anthro.26.1.129


16 of 19 American Journal of Biological Anthropology, 2025

Cucina, A., V. Tiesler, T. Sierra Sosa, and H. Hecor Neff. 2011. “Trace-
Element Evidence for Foreigners at a Maya Port in Northern Yucatan.” 
Journal of Archaeological Science 38, no. 8: 1878–1885.

Cucina, A., T. D. Price, E. Magaña Peralta, and T. Sierra Sosa. 2015. 
“Crossing the Peninsula: The Role of Noh Bec, Yucatán, in Ancient 
Maya Classic Period Population Dynamics From an Analysis of Dental 
Morphology and Sr Isotope.” American Journal of Human Biology 27: 
767–778.

Daux, V., C. Lécuyer, M.-A. Héran, et  al. 2008. “Oxygen Isotope 
Fractionation Between Human Phosphate and Water Revisited.” 
Journal of Human Evolution 55, no. 6: 1138–1147.

Donis, A. E. 2014. “Exploring the Movement of People in Postclassic 
and Historic Period Lamanai Using Stable Isotopes.” MA Thesis, 
Department of Anthropology, University of Western Ontario.

Dotsika, E. 2020. “Correlation Between δ18Ow and δ18Οen for 
Estimating Human Mobility and Paleomobility Patterns.” Scientific 
Reports 10, no. 1: 15439.

Dupras, T. L., and H. P. Schwarcz. 2001. “Strangers in a Strange Land: 
Stable Isotope Evidence for Human Migration in the Dakhleh Oasis, 
Egypt.” Journal of Archaeological Science 28: 1199–1208.

Dutt, R. 2019. “Loyal Subjects at Empire's Edge: Hispanics in the Vision 
of a Belizean Colonial Nation, 1882–1898.” Hispanic American Historical 
Review 99, no. 1: 31–59. https://​doi.​org/​10.​1215/​00182​168-​7287962.

Ebert, C. E., A. J. Rand, K. Green-Mink, et al. 2021. “Sulfur Isotopes 
as a Proxy for Human Diet and Mobility From the Preclassic Through 
Colonial Periods in the Eastern Maya Lowlands.” PLoS One 16, no. 8: 
e0254992.

Edmonson, M. S. 1982. The Ancient Future of the Itzá: The Book of 
Chilam Balam of Tizimin. University of Texas Press.

Edmonson, M. S. 1986. Heavon Born Merida and Its Destiny: The Book of 
Chilam Balam of Chumayel. University of Texas Press.

Fan, M., J. M. Foote, A. J. Martin, and L. Zhu. 2022. “Stable Isotope 
Compositions of Surface Water in Mexico Between 22–26°N.” Journal 
of South American Earth Sciences 115: 103723. https://​doi.​org/​10.​1016/j.​
jsames.​2022.​103723.

Farriss, N. 1984. Maya Society Under Colonial Rule: The Collective 
Enterprise of Survival. Princeton University Press.

Feinman, G. M., L. M. Nicholas, and M. Golitko. 2022. “Macroscale Shifts 
in Obsidian Procurement Networks Across Prehispanic Mesoamerica.” 
In Obsidian Across the Americas: Compositional Studies Conducted in 
the Elemental Analysis Facility at the Field Museum of Natural History, 
edited by G. M. Feinman and D. J. Riebe, vol. 17, 98–123. Archaeopress 
Pre-Columbian Archaeology. Archaeopress Publishing LTD.

Fox, K. 2021. “Lei Niho Palaoa and Digital Tools to Safeguard Against 
the Illicit Use of Ancient DNA.” Hawaiian Archaeology 15: 1–6.

France, C. A. M., N. Sugiyama, and E. Aguayo. 2020. “Establishing a 
Preservation Index for Bone, Dentin, and Enamel Bioapatite Mineral 
Using ATR-FTIR.” Journal of Archaeological Science: Reports 33: 102551.

Freiwald, C. 2011. “Migration Migration Networks: Reconstructing 
Population Movements in the Belize River Valley during the Late and 
Terminal Classic.” Ph.D. Dissertation, Department of Anthropology, 
University of Wisconsin – Madison.

Freiwald, C. 2020. “Migration and Mobility in the Eastern Maya 
Lowlands.” In The Maya World, edited by S. R. Hutson and T. Arden, 
203–222. Routledge.

Freiwald, C. 2023. “Oxygen Isotope Values in the Maya Region.” In 
Isotopic Proveniencing and Mobility: The State of Research, edited by T. 
D. Price, 67–84. Springer.

Freiwald, C., K. A. Miller Wolf, T. Pugh, A. J. Rand, and P. D. Fullagar. 
2020. “Early Colonialism and Population Movement at the Mission San 
Bernabé, Guatemala.” Ancient Mesoamerica 31: 543–553.

Gann, T. 1900. Mounds in Northern Honduras. Nineteeth Annual 
Report, 1897–1898, Part 2, 661–692. Bureau of American Ethnology, 
Smithsonian Institution.

García-Santos, S., R. Sánchez-Murillo, T. Peña-Paz, et al. 2022. “Water 
Stable Isotopes Reveal a Complex Rainfall to Groundwater Connectivity 
in Central Honduras.” Science of the Total Environment 844: 156941. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​156941.

Garvie-Lok, S. J., T. L. Varney, and M. A. Katzenberg. 2004. “Preparation 
of Bone Carbonate for Stable Isotope Analysis: The Effects of Treatment 
Time and Acid Concentration.” Journal of Archaeological Science 31, no. 
6: 763–776.

Graham, E. 2004. “Lamanai Reloaded: Alive and Well in the Early 
Postclassic.” Research Reports in Belizean Archaeology 1: 223–241.

Grimes, V., and M. Pellegrini. 2013. “A Comparison of Pretreatment 
Methods for the Analysis of Phosphate Oxygen Isotope Ratios in 
Bioapatite.” Rapid Communications in Mass Spectrometry 27: 375–390.

Hanna, J. A., E. Graham, D. M. Pendergast, J. A. Hoggarth, D. L. 
Lentz, and D. J. Kennett. 2016. “A New Radiocarbon Sequence From 
Lamanai, Belize: Two Bayesian Models From One of Mesoamerica's 
Most Enduring Sites.” Radiocarbon 58, no. 4: 771–794.

Harrison-Buck, E. 2014. “Reevaluating Chronology and Historical 
Content in the Maya Books of Chilam Balam.” Ethnohistory 61, no. 4: 
681–713. https://​doi.​org/​10.​1215/​00141​801-​2717831.

Harrison-Buck, E., B. A. Houk, A. R. Kaeding, and B. Bonorden. 2019. 
“The Strange Bedfellows of Northern Belize: British Colonialists, 
Confederate Dreamers, Creole Loggers, and the Caste War Maya of 
the Late Nineteenth Century.” International Journal of Historical 
Archaeology 23: 172–203. https://​doi.​org/​10.​1007/​s1076​1-​018-​0461-​6.

Hopkins, R. J. A., C. Snoeck, and T. F. G. Higham. 2016. “When Dental 
Enamel Is Put to the Acid Test: Pretreatment Effects and Radiocarbon 
Dating.” Radiocarbon 58, no. 4: 893–904.

Houk, B. A., L. A. Sullivan, and F. Valdez Jr. 2008. “Rethinking the 
Postclassic of Northwestern Belize.” Research Reports in Belizean 
Archaeology 5: 93–102.

Howard, D. 2009. “Reconsidering the Politics of Race, Migration and 
Participation in Belize.” In Etnicidad y Nacíon: Debate Alrededor 
de Belice, edited by E. Cunin and O. Hoffmann, 61–76. Proyecto 
AFRODESC Documento de Trabajo No. 5.

Howie, L., C. D. White, and F. J. Longstaffe. 2010. “Photographies and 
Biographies: The Role of Food in Ritual and Identity as Seen Through 
Life Histories of Selected Maya Pots and People.” In Pre-Columbian 
Foodways: Interdisciplinary Approaches to Food, Culture, and Markets 
in Ancient Mesoamerica, edited by J. E. Staller and M. D. Carrasco, 
369–398. Springer.

Iacumin, P., H. Bocherens, A. Mariotti, and A. Longinelli. 1996. “Oxygen 
Isotope Analyses of Co-Existing Carbonate and Phosphate in Biogenic 
Apatite: A Way to Monitor Diagenetic Alteration of Bone Phosphate?” 
Eary and Planetary Science Letters 142: 1–6.

Iannone, G., K. Prufer, and D. Z. Chase. 2014. “Resilience and 
Vulnerability in the Maya Hinterlands.” Archaeological Papers of the 
American Anthropological Association 24: 155–170.

Jones, G. D. 1998. The Conquest of the Last Maya Kingdom. Stanford 
University Press.

Jones, G. D. 2000. “The Lowland Mayas, From the Conquest to the 
Present.” In The Cambridge History of the Native Peoples of the Americas, 
edited by R. E. W. Adams and M. J. MacLeod, 346–391. Cambridge 
University Press.

Kassambara, A. 2023. “Ggpubr: ‘ggplot2’ Based Publication Ready 
Plots. R Package Version 0.6.0.” https://​rpkgs.​datan​ovia.​com/​ggpubr/​.

Kusaka, S., and T. Nakano. 2014. “Carbon and Oxygen Isotope Ratios 
and Their Temperature Dependence in Carbonate and Tooth Enamel 

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1215/00182168-7287962
https://doi.org/10.1016/j.jsames.2022.103723
https://doi.org/10.1016/j.jsames.2022.103723
https://doi.org/10.1016/j.scitotenv.2022.156941
https://doi.org/10.1215/00141801-2717831
https://doi.org/10.1007/s10761-018-0461-6
https://rpkgs.datanovia.com/ggpubr/


17 of 19

Using a GasBench II Preparation Device: Letter to the Editor.” Rapid 
Communications in Mass Spectrometry 28, no. 5: 563–567.

Lachniet, M. S., and W. P. Patterson. 2009. “Oxygen Isotope Values of 
Precipitation and Surface Waters in Northern Central America (Belize 
and Guatemala) are Dominated by Temperature and Amount Effects.” 
Earth and Planetary Science Letters 284, no. 3–4: 435–446. https://​doi.​
org/​10.​1016/j.​epsl.​2009.​05.​010.

Levinson, A. A., B. Luz, and Y. Kolodny. 1987. “Variations in Oxygen 
Isotopic Compositions of Human Teeth and Urinary Stones.” Applied 
Geochemistry 2, no. 4: 367–371.

Lightfoot, E., and T. C. O'Connell. 2016. “On the Use of Biomineral 
Oxygen Isotope Data to Identify Human Migrants in the Archaeological 
Record: Intra-Sample Variation, Statistical Methods and Geographical 
Considerations.” PLoS One 11, no. 4: e0153850.

Locker, A. J., F. Valdez Jr., D. O. Breecker, et al. 2023. “Ancient Maya 
Movement in the Rio Bravo Conservation and Management Area, NW 
Belize.” Journal of Archaeological Science: Reports 49: 104052.

Martin, S. 2020. Ancient Maya Politics: A Political Anthropology of the 
Classic Period 150–900 CE. Cambridge University Press.

McCartan, C. 2022. “Wacolors: Colorblind-Friendly Palettes From 
Washington State. R Package Version 0.3.1.” https://​github.​com/​CoryM​
cCart​an/​wacolors.

Meyer, D., E. Dimitriadou, K. Hornik, et al. 2023. “e1071: Misc Functions 
of the Department of Statistics, Probability Theory Group (Formerly: 
E1071), TU Wien. R Package Version 1.7–14.” https://​cran.​r-​proje​ct.​org/​
web/​packa​ges/​e1071/​​index.​html.

Milbrath, S., and C. Peraza Lope. 2003. “Revisiting Mayapán: Mexico's 
Last Maya Capital.” Ancient Mesoamerica 14, no. 1: 1–46. https://​doi.​
org/​10.​1017/​S0956​53610​3132178.

Mongey, V. 2021. “Protecting Foreigners: The Refugee Crisis on the 
Belize–Yucatán Border, 1847–71.” Law and History Review 39, no. 1: 
69–95. https://​doi.​org/​10.​1017/​S0738​24802​0000322.

Munson, J. L., and M. J. Macri. 2009. “Sociopolitical Network 
Interactions: A Case Study of the Classic Maya.” Journal of 
Anthropological Archaeology 28: 424–438.

Negrete, S. S., I. Casar, A. D. Somerville, P. Morales, and R. Liendo 
Stuardo. 2020. “Diet and Residential Mobility Within the Late Classic 
Elite Maya Households of Chinikiha, Chiapas, Mexico.” Archaeological 
and Anthropological Sciences 12: 246.

Nichols, D. L. 2016. “Teotihuacan.” Journal of Archaeological Research 
24, no. 1: 1–74. https://​doi.​org/​10.​1007/​s1081​4-​015-​9085-​0.

Olsen, K. C., S. A. Cleland, C. D. White, and F. J. Longstaffe. 2014. 
“Human Dedicatory Burials From Altun ha, Belize: Exploring 
Residential History Through Enamel Microwear and Tissue Isotopic 
Compositions.” In The Bioarchaeology of Space and Place, edited by G. 
D. Wrobel, 169–192. Springer.

Ortega-Muñoz, A., and A. Cucina. 2021. “Sr and O Isotopes in the 
Classic and Postclassic Maya Northern Lowlands of the Yucatan 
Peninsula: A metadata analysis of social and gender-related reasons 
for residential mobility.” https://​doi.​org/​10.​2139/​ssrn.​3958704.

Ortega-Muñoz, A., T. D. Price, J. H. Burton, and A. Cucina. 2019. 
“Population Movements and Identity in Postclassic Yucatan: 
Bioarchaeological Analysis of Human Remains From the East Coast of 
the Yucatan Peninsula.” Journal of Archaeological Science: Reports 23: 
490–500.

Ortega-Muñoz, A., T. D. Price, H. de Vega, V. Tiesler, and A. Cucina. 
2021. “Maya Residential Mobility in the Southeastern Yucatan Peninsula 
During Classic Times: Strontium (87Sr/86Sr) and Oxygen (δ18O) Isotopes 
Evidence From the Port of Oxtankah.” Journal of Archaeological Science 
35: 102783. https://​doi.​org/​10.​1016/j.​jasrep.​2020.​102783.

Paíz, R., J. F. Low-Calle, A. G. Molina-Estrada, S. Gil-Villalba, and 
M. T. de Condesso Melo. 2023. “Combining Spectral Analysis and 
Geochemical Tracers to Investigate Surface Water–Groundwater 
Interactions: A Case Study in an Intensive Agricultural Setting 
(Southern Guatemala).” Science of the Total Environment 899: 165578. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​165578.

Palacio, J. O. 1987. “A Rural/Urban Environment for Central American 
Immigrants in Belize.” Caribbean Quarterly 33, no. 3/4: 29–41. https://​
doi.​org/​10.​1080/​00086​495.​1987.​11671715.

Passey, B. H., T. F. Robinson, L. K. Ayliffe, et  al. 2005. “Carbon 
Isotope Fractionation Between Diet, Breath CO2, and Bioapatite in 
Different Mammals.” Journal of Archaeological Science 32, no. 10: 
1459–1470.

Pederzani, S., and K. Britton. 2019. “Oxygen Isotopes in Bioarchaeology: 
Principles and Applications, Challenges and Opportunities.” Earth-
Science Reviews 188: 77–107.

Pellegrini, M., J. Pouncett, M. Jay, M. P. Pearson, and M. P. Richards. 
2016. “Tooth Enamel Oxygen “Isoscapes” Show a High Degree of 
Human Mobility in Prehistoric Britain.” Scientific Reports 6: 34986.

Pendergast, D. 1986. “Stability Through Change: Lamanai, Belize, 
From the Ninth to the Seventeenth Century.” In Late Lowland Maya 
Civilization: Classic to Postclassic, edited by J. A. Sabloff and E. W. 
Andrews, 223–249. School for Advanced Research Press.

Pérez, L., R. Bugja, J. Lorenschat, et al. 2011. “Aquatic Ecosystems of the 
Yucatán Peninsula (Mexico), Belize, and Guatemala.” Hydrobiologia 
661, no. 1: 407–433.

Pollard, A. M., M. Pellegrini, and J. A. Lee-Thorp. 2011. “Technical 
Note: Some Observations on the Conversion of Dental Enamel d18Op 
Values to d18Ow to Dermine Human Mobility.” American Journal of 
Physical Anthropology 145: 499–504.

Price, T. D., J. H. Burton, and R. A. Bentley. 2002. “The Characterization 
of Biologically Available Strontium Isotope Ratios for the Study of 
Prehistoric Migration.” Archaeometry 44, no. 1: 117–135.

Price, T. D., J. H. Burton, P. D. Fullagar, L. E. Wright, J. E. Buikstra, and 
V. Tiesler. 2008. “Strontium Isotopes and the Study of Human Mobility 
in Ancient Mesoamerica.” Latin American Antiquity 19: 167–180.

Price, T. D., J. H. Burton, R. J. Sharer, et al. 2010. “Kings and Commoners 
at Copan: Isotopic Evidence for Origins and Movement in the Classic 
Maya Period.” Journal of Anthropological Archaeology 29: 15–32.

Price, T. D., J. H. Burton, A. Cucina, et  al. 2012. “Isotopic Studies of 
Human Skeletal Remains From a Sixteenth to Seventeenth Century 
AD Churchyard in Campeche, Mexico: Diet, Place of Origin, and Age.” 
Current Anthropology 53: 396–433.

Price, T. D., S. Nakamura, S. Suzuki, J. H. Burton, and V. Tiesler. 2014. 
“New Isotope Data on Maya Mobility and Enclaves at Classic Copan, 
Honduras.” Journal of Anthropological Archaeology 36: 32–47.

Price, T. D., T. W. Stanton, and A. Cucina. 2018a. “Isotopes, Dental 
Morphology, and Human Provenience at the Maya Site of Yaxuná, 
Yucatan, Mexico.” In Bioarchaeology of Pre-Columbian Mesoamerica: 
An Interdisciplinary Approach, edited by C. Willermet and A. Cucina, 
70–98. University Press of Florida.

Price, T. D., V. Tiesler, W. J. Folan, and R. H. Tykot. 2018b. “Calakmul as a 
Central Place: Isotopic Insights on Urban Maya Mobility and Diet During 
the First Millennium AD.” Latin American Antiquity 29: 439–454.

Price, T. D., V. Tiesler, and C. Freiwald. 2019. “Place of Origin of the 
Sacrificial Victims in the Sacred Cenote, Chichén Itzá, Mexico.” 
American Journal of Physical Anthropology 170: 98–115.

R Core Team. 2023. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. https://​www.​R-​
proje​ct.​org/​.

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.epsl.2009.05.010
https://doi.org/10.1016/j.epsl.2009.05.010
https://github.com/CoryMcCartan/wacolors
https://github.com/CoryMcCartan/wacolors
https://cran.r-project.org/web/packages/e1071/index.html
https://cran.r-project.org/web/packages/e1071/index.html
https://doi.org/10.1017/S0956536103132178
https://doi.org/10.1017/S0956536103132178
https://doi.org/10.1017/S0738248020000322
https://doi.org/10.1007/s10814-015-9085-0
https://doi.org/10.2139/ssrn.3958704
https://doi.org/10.1016/j.jasrep.2020.102783
https://doi.org/10.1016/j.scitotenv.2023.165578
https://doi.org/10.1080/00086495.1987.11671715
https://doi.org/10.1080/00086495.1987.11671715
https://www.r-project.org/
https://www.r-project.org/


18 of 19 American Journal of Biological Anthropology, 2025

Rand, A. J. 2016. “Ancient Maya Mobility at Caledonia, Cayo District, 
Belize: Evidence From Stable Oxygen Isotope Analysis.” In Trading 
Spaces: The Archaeology of Interaction, Migration and Exchange. 
Proceedings of the 46th Annual Chacmool Archaeology Conference, 
edited by M. Patton and J. Manion, 32–43. Chacmool Archaeology 
Association, University of Calgary.

Rand, A. J., V. Matute, V. Grimes, C. Freiwald, J. Źrałka, and W. Koszkul. 
2020. “Prehispanic Maya Diet and Mobility at Nakum, Guatemala: A 
Multi-Isotopic Approach.” Journal of Archaeological Science: Reports 32: 
102374.

Restall, M. 1997. The Maya World: Yucatec Culture and Society, 1550–
1850. Stanford University Press.

Rice, P. M. 2024. ““How Much May They Not Have Written?”: K'atuns 
11 Ajaw and the Itzá.” In The Materialization of Time in the Ancient 
Maya World: Mythic History and Ritual Order, edited by D. A. Freidel, 
A. F. Chase, A. S. Dowd, et al., 416–429. University Press of Florida.

Roys, R. 2008. The Book of Chilam Balam of Chumayel. Forgotten Books.

Sánchez-Murillo, R., and C. Birkel. 2016. “Groundwater Recharge 
Mechanisms Inferred From Isoscapes in a Complex Tropical 
Mountainous Region.” Geophysical Research Letters 43: 4060–5069.

Sánchez-Murillo, R., G. Esquivel-Hernández, J. L. Corrales-Salazar, 
et al. 2020. “Tracer Hydrology of the Data-Scarce and Heterogeneous 
Central American Isthmus.” Hydrological Processes 34: 2660–2675. 
https://​doi.​org/​10.​1002/​hyp.​13758​.

Scherer, A. K., A. de Carteret, and S. Newman. 2015. “Local Water 
Resource Variability and Oxygen Isotopic Reconstructions of Mobility: 
A Case Study From the Maya Area.” Journal of Archaeological Science: 
Reports 2: 666–676.

Seidita, M., D. Z. Chase, and A. F. Chase. 2018. “Chetumal's Dragonglass: 
Postclassic Obsidian Production and Exchange at Santa Rita Corozal, 
Belize.” Research Reports in Belizean Archaeology 15: 169–178.

Sharpe, A. E., B. Arroyo, L. E. Wright, et  al. 2022. “Comparison 
of Human and Faunal Enamel Isotopes Reveals Diverse Paleodiet 
and Exchange Patterns at the Highland Maya Site of Kaminaljuyu, 
Guatemala.” Archaeological and Anthropological Sciences 14: 29.

Sierra Sosa, T., A. Cucina, T. D. Price, J. H. Burton, and V. Tiesler. 
2014. “Maya Coastal Production, Exchange, Life Style, and Population 
Mobility: A View From the Port of Xcambo, Yucatan, Mexico.” Ancient 
Mesoamerica 25: 221–238.

Sievert, C., C. Parmer, T. Hocking, et al. 2024. “Plotly: Create interac-
tive web graphics via ‘plotly.js.’ R package version 4.10.4.” https://​cran.​
r-​proje​ct.​org/​web/​packa​ges/​plotly/​index.​html. https://​plotl​y-​r.​com/​. 
https://​github.​com/​plotly/​plotly.​R.

Slovak, N. M., and A. Paytan. 2011. “Applications of Sr Isotopes in 
Archaeology.” In Handbook of Environmental Isotope Geochemistry, ed-
ited by M. Baskaran, 743–768. Springer-Verlag.

Somerville, A. D., M. J. Schoeninger, and G. E. Braswell. 2016. “Political 
Alliance, Residential Mobility, and Diet at the Ancient Maya City of 
Pusilha, Belize.” Journal of Anthropological Archaeology 41: 147–158.

Stephan, E. 2000. “Oxygen Isotope Analysis of Animal Bone Phosphate: 
Method Refinement, Influence of Consolidants, and Reconstruction 
of Paleotemperatures for Holocene Sites.” Journal of Archaeological 
Science 27, no. 6: 523–535.

Sugiyama, N., A. D. Somerville, M. J. Schoeninger, and R. Pinhasi. 2015. 
“Stable Isotopes and Zooarchaeology at Teotihuacan, Mexico Reveal 
Earliest Evidence of Wild Carnivore Management in Mesoamerica.” PLoS 
One 10, no. 9: e0135635. https://​doi.​org/​10.​1371/​journ​al.​pone.​0135635.

Suzuki, S., V. Tiesler, and T. D. Price. 2018. “Human Migration and 
Ethnic Expression in the Southeastern Borderland of Mesoamerica.” 

In Bioarchaeology of Pre-Columbian Mesoamerica: An Interdisciplinary 
Approach, edited by C. M. Willermet, A. Cucina, and C. S. Larsen, 192–
222. University Press of Florida.

Suzuki, S., S. Nakamura, and T. D. Price. 2020. “Isotopic Proveniencing 
at Classic Copan and in the Southern Periphery of the Maya Area: A 
New Perspective on Multi-Ethnic Society.” Journal of Anthropological 
Archaeology 60: 101228.

Trask, W. R. 2018. “Missionization and Shifting Mobility on the 
Southeastern Maya-Spanish Frontier: Identifying Immigration to the 
Maya Site of Tipu, Belize Through the Use of Strontium and Oxygen 
Isotopes.” PhD Dissertation, Department of Anthropology, Texas A&M 
University.

Ubelaker, D. H., and J. E. Buikstra. 1994. Standards for Data Collection 
From Human Skeletal Remains. Research Series. Vol. 44. Arkansas 
Archaeological Survey.

Warinner, C., and N. Tuross. 2009. “Alkaline Cooking and Stable 
Isotope Tissue-Diet Spacing in Swine: Archaeological Implications.” 
Journal of Archaeological Science 36, no. 8: 1690–1697.

Wassenaar, L. I., S. L. van Wilgenburg, K. Larson, and K. A. Hobson. 
2009. “A Groundwater Isoscape (δD, δ18O) for Mexico.” Journal of 
Geochemical Exploration 102, no. 3: 123–136. https://​doi.​org/​10.​1016/j.​
gexplo.​2009.​01.​001.

Webb, E. C., C. D. White, and F. J. Longstaffe. 2014. “Investigating 
Inherent Differences in Isotopic Composition Between Human Bone 
and Enamel Bioapatite: Implications for Reconstructing Residential 
Histories.” Journal of Archaeological Science 50: 97–107.

White, C. D., M. W. Spence, H. Stuart-Willaims, and H. P. Schwarcz. 
1998. “Oxygen Isotopes and the Identification of Geographical 
Origins: The Valley of Oaxaca Versus the Valley of Mexico.” Journal of 
Archaeological Science 25, no. 7: 643–655.

White, C. D., F. J. Longstaffe, and K. R. Law. 2001. “Revisiting the 
Teotihuacán Connection at Altun ha: Oxygen-Isotope Analysis of Tomb 
F-8/1.” Ancient Mesoamerica 12: 65–72.

White, C. D., M. W. Spence, F. J. Longstaffe, H. Stuart-Willaims, and K. 
R. Law. 2002. “Geographic Identities of the Sacrificial Victims From the 
Feathered Serpent Pyramid, Teotihuacan: Implications for the Nature 
of State Power.” Latin American Antiquity 13, no. 2: 217–236.

White, C. D., M. W. Spence, F. J. Longstaffe, and K. R. Law. 2004a. 
“Demography and Ethnic Continuity in the Tlailotlacan Enclave of 
Teotihuacán: The Evidence From Stable Oxygen Isotopes.” Journal of 
Anthropological Archaeology 23: 385–403.

White, C. D., R. Storey, F. J. Longstaffe, and M. W. Spence. 2004b. 
“Immigration, Assimilation, and Status in the Ancient City of 
Teotihuacán: Stable Isotopic Evidence From Tlajinga 33.” Latin 
American Antiquity 15: 176–198.

White, C. D., T. D. Price, and F. J. Longstaffe. 2007. “Residential Histories 
of the Human Sacrifices at the Moon Pyramid, Teotihuacán: Evidence 
From Oxygen and Strontium Isotopes.” Ancient Mesoamerica 18: 159–172.

Wickham, H., M. Averick, J. Bryan, et  al. 2019. “Welcome to the 
Tidyverse.” Journal of Open-Source Software 4, no. 43: 1686. https://​doi.​
org/​10.​21105/​​joss.​01686​. https://​tidyv​erse.​tidyv​erse.​org/​index.​html.

Wickham, H., R. François, L. Henry, K. Müller, and D. Vaughan. 2023. 
“Dplyr: A Grammar of Data Manipulation. R Package Version 1.1.4.” 
https://​github.​com/​tidyv​erse/​dplyr​. https://​dplyr.​tidyv​erse.​org.

Wickham, H., W. Winston Chang, L. Henry, et  al. 2024. “ggplot2: 
Create Elegant Data Visualisations Using the Grammar of Graphics. R 
Package Version 3.5.0.” https://​cran.​r-​proje​ct.​org/​web/​packa​ges/​ggplo​
t2/​index.​html. https://​ggplo​t2.​tidyv​erse.​org. https://​github.​com/​tidyv​
erse/​ggplot2.

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/hyp.13758
https://cran.r-project.org/web/packages/plotly/index.html
https://cran.r-project.org/web/packages/plotly/index.html
https://plotly-r.com/
https://github.com/plotly/plotly.R
https://doi.org/10.1371/journal.pone.0135635
https://doi.org/10.1016/j.gexplo.2009.01.001
https://doi.org/10.1016/j.gexplo.2009.01.001
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://tidyverse.tidyverse.org/index.html
https://github.com/tidyverse/dplyr
https://dplyr.tidyverse.org
https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
https://ggplot2.tidyverse.org
https://github.com/tidyverse/ggplot2
https://github.com/tidyverse/ggplot2


19 of 19

Wright, L. E. 2007. “Ethnicity and Isotopes at Mayapán. Report submit-
ted to Foundation for the Advancement of Mesoamerican Studies, Inc.” 
http://​www.​famsi.​org/​repor​ts/​05068/​​05068​Wrigh​t01.​pdf.

Wright, L. E. 2012. “Immigration to Tikal, Guatemala: Evidence From 
Stable Strontium and Oxygen Isotopes.” Journal of Anthropological 
Archaeology 31: 334–352.

Wright, L. E., J. A. Valdés, J. H. Burton, T. D. Price, and H. P. Schwarcz. 
2010. “The Children of Kaminaljuyu: Isotopic Insight Into Diet and 
Long-Distance Interaction in Mesoamerica.” Journal of Anthropological 
Archaeology 29: 155–178.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 26927691, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70024 by A

rlen C
hase , W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.famsi.org/reports/05068/05068Wright01.pdf

	The Maya Are a People of Movement: Reconstructing Shifts in Maya Mobility From Oxygen Isotopes Across Three Millenia at Santa Rita Corozal (Chactemal), Northern Belize
	ABSTRACT
	1   |   Introduction
	1.1   |   Santa Rita Corozal (Chactemal)
	1.2   |   Study Objectives

	2   |   Methods
	2.1   |   Ethics Statement
	2.2   |   Ancestors Included in This Research
	2.3   |   Oxygen Isotopes and Movement
	2.4   |   Dental Enamel and Bone Carbonate Sample Preparation
	2.5   |   Diagenesis
	2.6   |   Statistical Approach
	2.6.1   |   Defining the Local Range of Oxygen for Santa Rita Corozal
	2.6.2   |   Comparing Bone Carbonate to Enamel Carbonate Samples
	2.6.3   |   Comparing δ18O Values Generated in This Study With Prior Data From Other Maya Sites


	3   |   Oxygen Isotope Results
	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	Endnotes
	References


