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A B S T R A C T   

This paper presents the archaeological evaluation of 458 tiles of LiDAR collected by environmental scientists 
over southern Mexico using the G-LiHT system of NASA’s Goddard Space Flight Center. Specifically, this article 
describes the results of a full processing, inspection, and annotation of these data for the identification and 
baseline analysis of archaeological features. In this paper, we: 1) introduce the dataset and describe our efforts to 
systematically process and annotate archaeological features and 2) revisit the cultural and ecological context of 
the samples. The results presented here confirm some of the conclusions presented previously, including the 
benefit of mining large previously acquired digital data for archaeological information, the diversity of lowland 
settlement and features in between areas already well-documented, and the contribution to landscape archae
ology of such transect samples when coupled to macro-environmental data sets. These data also fill in some 
details about the prehispanic Mesoamerican landscape, raising new questions about the relationship between 
past settlements and regional cultural, political, and ecological systems. Finally, these data offer important 
foundational inventories for discussing how to preserve and conserve archaeological resources across the low
lands, especially when these resources are not tied to monumental architecture.   

1. Introduction 

In this article, we present a full archaeological inventory, descrip
tion, and regional analysis of LiDAR transects collected by NASA 
Goddard’s LiDAR, Hyperspectral, and Thermal Imager (G-LiHT) team 
and collaborating environmental scientists over the Maya lowlands. 
Building on an earlier reanalysis of environmental LiDAR data for ar
chaeology in Mesoamerican applications and implications (Golden 
et al., 2016), we: 1) describe the full inventory of archaeological fea
tures provisionally identified through visual analysis, and 2) discuss 
how these data compare to the known archaeological, ecological, and 
modern land use and conservation context. These results, together with 
a growing body of research using archived LiDAR data (Davis et al., 
2019a, 2019b; Dunning et al., 2019; Fernández-Diaz and Cohen, 2020; 
Johnson and Ouimet, 2014; Liebmann et al., 2016; Ruhl et al., 2018), 
further confirm that LiDAR collected for conservation, development, or 

emergency response purposes offer as yet underutilized resources in the 
Neotropics for contributing to archaeological understandings of varia
tions in prehispanic landscapes, land-use systems, and settlement pat
terns. 

Dedicated archaeological airborne LiDAR collection and analyses of 
select regions of the lowlands have provided robust samples for the 
quantification of archaeological feature numbers and densities in dis
crete areas of the Maya region (Canuto et al., 2018; Chase et al., 2010, 
2011, 2012, 2014a, 2014b; Ebert et al., 2016; Hutson, 2015; Magnoni 
et al., 2016; Stanton et al., 2020). While transformative, this research 
tends to cover relatively homogenous areas in terms of ecology, hy
drology, and geology, and furthermore, discrete study areas may be 
separated by extensive spatial gaps. The G-LiHT data offer important 
alternative, complementary, and freely available resources concerning 
archaeological settlement patterns and past land use along a combined 
transect of 3,200 km. Critically, although these data do not provide 
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wide-coverage in any single region, they do intersect with multiple 
ecoregions, ecological systems, drainage basins, and geological forma
tions across southern Mexico. These data expand our perceptions be
yond largely site-focused interpretations (Golden et al., 2016) and 
analyses derived from more typical comparative site descriptions 
(Murtha, 2015). Here we argue G-LiHT survey data provide a more 
representative perspective on the diversity, density, complexity, and 
patterning of the spatial distribution of archaeological features across 
the lowlands. These multi-regional data are especially useful when 
compared to other macro datasets (e.g., Beach et al., 2015; FAO, 2012; 
Fick and Hijmans, 2017; INEGI, 2000, 2010), such as those highlighting 
variability in ecological systems across the lowlands. Using extensive G- 
LiHT data, we have investigated which ecological factors contributed to 
relatively higher density settlement and whether those areas of density 
were also located primarily around monumental ceremonial centers 
and known sites. Moreover, we begin to address how settlement pat
terns and other anthropogenic features covary with one another 
alongside other ecological factors across the Maya lowlands. 

Initial observations resulting from these analyses and reported here 
support the argument presented by other scholars that not all densified 
Maya settlements are accompanied by monumental and centralized 
architecture and that regional physical patterning of settlements in 
some areas does not appear to reflect a strongly hierarchical premodern 
Maya political system (Arnauld et al., 2013; Lemonnier and Vannière, 
2013; Nondédéo et al., 2013). We also observe diversity in the scale, 
intensity, and distribution of landesque features not necessarily asso
ciated with political evolutionary models that link intensification to 
central political authority. We conclude that among the variables ana
lyzed, known archaeological site location, physiographic region, and 
modern precipitation patterns are the strongest predictors for feature 
density. While ecological variables influenced the location of archae
ological features, the results were less predictable and require more 
localized analysis. Raising these observations here generates a whole 
series of questions about the ancient Maya landscape we aim to in
vestigate in follow up studies. 

The resolution of the G-LiHT data is also sufficient to examine dis
tribution patterns of the destruction of archaeological resources, with 
the potential to contribute to conservation planning in relation to 
modern development and looting. While we do not offer solutions in 
this paper, future archaeological conservation design and planning ef
forts would benefit from a review of these data. For example, we clearly 
demonstrate that the threats to the conservation of some of these ar
chaeological features in relation to modern land use, protected lands, 
and urban areas are not likely to be driven by concerns for monumental 
architecture but a landscape history consistently challenged by infra
structure development. These results encourage us to think more 
broadly about the important research partnerships that can emerge 
from these studies, especially those focused on remote sensing, plan
ning, future land use management, and conservation. 

2. LiDAR applications in Mesoamerican archaeology 

Over the past decade, LiDAR has become a primary tool for ar
chaeological survey in regions worldwide, with revolutionary promise 
in forested areas in Mesoamerica (Ainsworth et al., 2013; Arnott and 
Maki, 2019; Banaszek, 2020; Barnes, 2003; Beach et al., 2019; Bedford 
et al., 2018; Beex, 2017; Benjamin et al., 2018; Bernardini et al., 2013; 
Bewley et al., 2005; Brewer et al., 2017; Canuto et al., 2018; Carson 
et al., 2014; Chase et al., 2011, 2012, 2014a, 2014b; Chase and Chase, 
2017; Chevance et al., 2019; Comer et al., 2019; Doneus et al., 2008; 
Evans and Fletcher, 2015; Fernández-Diaz et al., 2014; Fisher et al., 
2017, 2016, 2011; Fisher and Leisz, 2013; Henry et al., 2019; 
Hightower et al., 2014; Horn and Ford, 2019; Inomata et al., 2017, 
2018, 2019, 2020; Jones and Bickler, 2017; Liebmann et al., 2016; 
Masini et al., 2011; McFarland and Cortes-Rincon, 2019; McKee et al., 
1994; Reese-Taylor et al., 2016; Rosenswig et al., 2013; Sheets and 

Sever, 1988; Sheets, 1991; Sheets et al., 1991; von Schwerin et al., 
2016; Yaeger et al., 2016). LiDAR has proven useful for site survey, site 
interpretation, site delineation, and especially site discovery, building 
off earlier regional and remote sensing approaches in Maya archaeology 
(Ashmore, 1984, 1981; Beach et al., 2015; Dunning, 1996; Dunning and 
Beach, 2010; Fedick, 1996; Garrison, 2010; Garrison et al., 2008, 
2011). The majority of these LiDAR data have been captured using 
airborne systems and are not linked to other remote sensing products. 
More recently, LiDAR systems mounted on drones have also proven 
their efficacy (Barbour et al., 2019; Murtha et al., 2019a; Risbøl and 
Gustavsen, 2018; VanValkenburgh et al., 2020). 

LiDAR has the potential to provide full coverage mapping of above 
surface archaeological features, especially in densely forested zones 
where traditional ground-based survey is impractical in terms of labor 
cost and time (Balkansky et al., 2000; Falconer and Savage, 1995; Kolb 
and Snead, 1997; Kowalewski, 1990; Parsons, 1990; Plog, 1990; Sanders, 
1999; Sanders and Santley, 1983; Terrenato and Ammerman, 1996; 
Underhill et al., 2002; Wilkinson, 2000), and has been used to highlight 
how quickly these archaeological landscapes are disappearing (de Matos 
Machado and Hupy, 2019; Kincey et al., 2008; Kincey and Challis, 2010; 
Megarry et al., 2016; Roberts et al., 2017). LiDAR survey captures a static 
moment of dynamic, constantly changing landscapes, so no matter how 
extensive or critically important, full coverage LiDAR mapping offers a 
regional and incomplete perspective. The data presented here point us 
toward identifying ways to improve and scale up regional observations or 
at least identify gaps in our approaches for the design of future research. 

To date, approaches to capture LiDAR data across a large region, as 
with efforts in western Belize (Chase et al., 2011, 2014b; Horn and 
Ford, 2019; Yaeger et al., 2016), Petén, Guatemala (Canuto et al., 
2018), and Yucatán, Mexico (Hare et al., 2014; Hutson, 2015; Magnoni 
et al., 2016; Stanton et al., 2020) have transformed basic assumptions 
about settlement density and the scale of landscape modification within 
discrete mission regions. Yet, while the scale of the largest sample re
gions encompasses thousands of square kilometers, archaeologists have 
yet to combine these data to conduct inter- and super-regional analysis. 
In some sense, LiDAR collected by the 2013 G-LiHT mission in Mexico 
acts as a data corridor and offers an opportunity to fill gaps between 
discrete LiDAR datasets collected by individual research teams, while 
rescaling and investigating archaeological feature form and distribution 
across the lowland geography. 

Commonly, archaeological and anthropological questions may be 
answered using datasets relevant to research in numerous allied dis
ciplines. Over the last two decades, the value of interdisciplinary ap
proaches has become increasingly evident in archaeological publica
tions that include ecologists and other allied scientists (Beach et al., 
2003, 2006, 2008, 2009, 2011; Dunning, 1996, 1997; Dunning and 
Beach, 2004; Dunning et al., 1992, 1994, 1998, 1999, 2002; Fedick, 
1994, 1996; Fedick and Ford, 1990; Gómez-Pompa et al., 2003; Murtha 
et al., 2018, 2019b; Sanders, 1962, 1963, 1973, 1977; Scarborough 
et al., 2012a, 2012b). LiDAR is appropriate to address questions in a 
variety of fields, including archaeology, anthropology, sociology, geo
graphy, ecology, and others. While expensive to acquire, LiDAR has 
broad scientific value for interdisciplinary research within and beyond 
archaeology, also highlighting the importance of the scientific dis
tribution of such data as opposed to extended embargos. Rapid release 
of LiDAR datasets allows for collaborations between research projects, 
especially since these data can be used to address a broad range of 
contemporary issues related to land use, environmental degradation, 
and climate change. Moreover, LiDAR datasets have additional value as 
they document landscapes at particular moments in time, useful for 
scholars interested in questions of diachronic change. 

3. LiDAR data collection 

The data used in this study were collected by the NASA Goddard 
Space Flight Center, led by Dr. Bruce Cook, using NASA Goddard’s 
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LiDAR, Hyperspectral & Thermal Imager (G-LiHT) system (Cook et al., 
2013; Golden et al., 2016; Hernández-Stefanoni et al., 2015). The pri
mary objective of the mission was to refine measurements of above
ground forest carbon stocks in Mexico (see Golden et al., 2016: Fig. 1). 
The full background of the instruments and the original source of data is 
summarized in a previous article (Golden et al., 2016), so we provide 
only an abbreviated summary here. The data analyzed for this study 
were collected in April of 2013 as part of a multi-institutional, bi-na
tional study of above-ground biomass (AGB) and species-richness that 
covered large swaths of Mexico (Hernández-Stefanoni et al., 2015). The 
research was designed to inform deforestation programs, including the 
United Nations REDD+ (Reducing Emissions from Deforestation and 
forest Degradation, plus conservation, sustainable management of for
ests and enhancement of forest carbon stocks), and to aid in the design 
of effective strategies for selecting natural protected areas (see http:// 
www.un-redd.org/aboutredd). 

The key instrument employed for this mission was G-LiHT, a multi- 
sensor airborne imaging system that includes LiDAR, Imaging 
Spectrometer, and Thermal instrument intended to map simultaneously 

the composition, structure, and function of terrestrial ecosystems (see  
Cook et al., 2013 for full details). The airborne laser scanning (ALS) 
instrument of G-LiHT is a VQ-480 (Riegl USA, Orlando, FL, USA), which 
includes a high-performance laser rangefinder and a rotating polygon 
mirror with three facets to deflect a 1550 nm Class 1 laser beam onto 
the ground. Three-dimensional LiDAR returns and user-friendly data 
products (see Cook et al., 2013) are openly distributed through the G- 
LiHT Data Center Webmap (http://G-LiHT.gsfc.nasa.gov). 

610 LiDAR samples were captured and processed over southern 
Mexico, ranging in extent from 3 ha to 4100 ha (Golden et al., 2016). 
Our previous study documented the promise of these data for archae
ological research, their value derived especially from the sampling of 
diverse types of ecological settings, land-use regimes, and modern in
frastructure along north–south and east–west transects across much of 
the lowlands (Golden et al., 2016). Our focus in undertaking analyses of 
these data is not centered on site discovery or identification; instead, 
our effort expands site-based interpretations of the relationship be
tween ancient Maya cities, settlement patterns, and their broader 
landscape and environmental contexts. We are especially interested in 

Fig. 1. Map of all G-LiHT samples analyzed in this paper (blue) and unanalyzed Kiuic samples (dark blue) compared to location and extent of other proximate LiDAR survey 
extents (orange) from southern Mexico. Samples are redrawn from (Fernández-Diaz, 2019; Hare et al., 2014; Hutson et al., 2016; Inomata et al., 2018; Stanton et al., 2020). 
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what the spatial distribution of anthropogenic feature data can tell us 
about the variability in choices made by the prehispanic Maya to 
modify their landscapes in relation to variables including population 
density, political history, and other ecological and environmental fac
tors. Our research quantifies interregional variability rather than in
terpreting how a single sample or subset of samples can be used to 

investigate a particular site. Since few archaeological sites were com
pletely surveyed by the G-LiHT transects, these data do not provide the 
detail to fully assess settlement patterns at a single site. Moreover, these 
data, like all remote sensing data, lack information regarding site 
chronology. Their benefit lies in the linear extent of the survey that 
facilitates analysis of variability in the form and distribution of Maya 

Table 1 
Raw counts of features annotated in 458 tiles, with modified definitions (Ashmore, p. 40, 2007; Canuto et al., 2018; Stanton et al., 2020). Counts of linear features 
refer to individual line segments; length is a more useful statistic.      

Feature Type Definition Count Measurement  

Polygonal   Area (ha) 
Structures Architecture, including buildings and superstructures not supporting other visible constructed features 54,488 441.22 
Platforms Basal substructure supporting one or more other structures 3,244 259.99 
Plazas Sunken or elevated pavement enclosed by structures on 1 or more sides or a level area enclosed by structures on 3 

or more sides 
3,659 121.99 

Causeways Inter- and intra-site elevated roads 4 0.81 
Aguadas/Borrow pits Excavated area, used for collecting building material and/or water 2,731 43.52 
Polygonal Subtotal  64,126 867.54 
Linear   Length (km) 
Architectural terraces Rectilinear features built into hillsides or summits to support architecture, i.e. platforms with fewer than 4 

constructed sides 
2,350 122.7 

Agricultural terraces Contour, footslope, and box terracing on hillslopes 8,763 432.5 
Other possible agricultural terraces Ambiguous terrace features on steep slopes or in low ground point density areas 1,476 92.9 
Canals/Ditches Excavated linear features, sometimes associated with low-lying wetlands or bodies of water 335 35.5 
Paths Indented linear features produced by walking 392 94.4 
Walls Freestanding, additive linear features 10,287 700.9 
Linear Subtotal  23,603 1,478.9 
Total  87,729  

Fig. 2. Hillshade of Yucatán South GLAS s399 tile illustrating examples of architectural terraces at hill summits and agricultural terraces along midslopes and 
footslopes. Annotated version on the right. 

W. Schroder, et al.   Journal of Archaeological Science: Reports 33 (2020) 102543

4



settlements across regional ecological systems and, when coupled with 
archaeologically derived chronological data, through time. 

The G-LiHT survey transects cover a landscape shaped by more than 
7,000 years of agrarian activity, rural settlement, and urbanization 
processes (Inomata et al., 2013, 2020; McClung de Tapia, 1992; Piperno 
et al., 2009). Importantly, these flight tiles connect well-sampled areas 
such as the Central Maya lowlands with western regions like the Usu
macinta River basin that have been more sparsely surveyed (Fig. 1) 
(Golden et al., 2016). They also connect coastal sites to landlocked 
upland sites reliant on rainfed agriculture throughout their history. In 
our previous paper, we documented the important structure and variety 
of these samples and why they are unique and important to studies in 
the Maya lowlands (Golden et al., 2016). 

We revisit these data here to provide a more complete contextual 
analysis of the flight samples, including visual annotation of 458 tiles 
from the core region of our study area, focusing exclusively on samples 
within the Maya area, east of the Isthmus of Tehuantepec. These sam
ples vary in size but typically measure 7 km long by 300 m wide and 
cross the states of Quintana Roo, Yucatán, Campeche, Tabasco, and 
eastern Chiapas, with some of the Chiapas flight paths extending into 
parts of Petén, Guatemala. A targeted and gridded area of coterminous 
flight transects within the municipality of Oxkutzcab (near the ar
chaeological site of Kiuic) was omitted from this study due to a specific 
sampling strategy for those samples that diverges with the single flight 
tiles analyzed here (George-Chacón et al., 2019; Hernández-Stefanoni 
et al., 2014, 2015, 2018). The total sampled area annotated and ana
lyzed covers a flight length of approximately 3,200 km and an area of 
1,118 square kilometers, omitting overlapping portions of tiles. Across 

all tiles, the nominal ground point density was 3.7 points per square 
meter, with a range between 0.3 and 11.0. Fewer than 6% of tiles 
(primarily located in Chiapas) had ground point densities below 1 point 
per square meter; a value cited as sufficient to document archaeological 
features in Neotropical Mesoamerica (Rosenswig et al., 2013, p. 1497). 

4. Annotation of the flight paths 

This study reports on the second phase of an iterative analysis, re
lying on visual identification and recording of archaeological features 
and a preliminary examination of feature data as they relate to various 
environmental, geographic, and contextual variables. Further analysis 
of the LiDAR data and ground verification are the long-term goals of our 
research. The questions we ask here are at a landscape scale, and due to 
the large spatial scale of the data, minor errors in the feature data re
ported here are not expected to alter our initial observations and con
clusions significantly. Similarly, we cannot account for changes to the 
archaeological landscape that are now obscured by modern settlement. 
We have scaled our interpretations to account for potential errors that 
we cannot address methodologically. 

Researchers have experimented with a diverse array of LiDAR pro
cessing and visualization techniques in Mesoamerican archaeology 
(Canuto et al., 2018; Chase and Chase, 2017; Chiba et al., 2008; De Reu 
et al., 2013; Horn and Ford, 2019; Hutson, 2015; Inomata et al., 2018; 
Kokalj et al., 2010, 2011; Kokalj and Somrak, 2019; Magnoni et al., 
2016; Pingel et al., 2015; Zakšek et al., 2011). To streamline consistent 
application across tiles and to avoid the misidentification of false po
sitives due to technical artifacts, we developed digital elevation models 

Fig. 3. Hillshade of Yucatán Centro NFI s399 and s400 tiles illustrating a diversity of feature types in upland areas. Annotated version on the right.  
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(DEM) relying on basic processing, reported ground points, and stan
dardized single hillshades overlaid with the derived DEM at 50% 
transparency as a baseline visualization. While we used ArcGIS Pro 2.4, 
any recent desktop GIS software, including opensource software such as 
GRASS, QGIS, and gvSIG can replicate our results. 

We documented five distinct, durable feature types as polygons: 1) 
structures, 2) platforms, 3) plazas, 4) aguadas or borrow pits, and 5) 
causeways; and five distinct feature types as polylines: 1) architectural 
terraces, 2) agricultural terraces, 3) walls, 4) canals or ditches, and 5) 
paths. Conforming to decades of standards (see Ashmore, 1981, 1984; 
Ashmore, p. 40, 2007; Becker, 1982), we defined features according to 
the basic definitions summarized in Table 1. In most cases, we did not 
attempt to assign a function to these features, except for terraces where 
we distinguished between architectural and agricultural uses, relying 
on core definitions of terracing identified and agreed upon throughout 

the Maya lowlands (see Donkin, 1979; Dunning, 1996; Fedick, 1988; 
Murtha, 2009; Neff, 2008) (Figs. 2–3). Some agricultural terraces in 
Chiapas were further subdivided; these possible terraces are difficult to 
interpret solely through remote methods because they are found in 
areas with low ground point densities, with steep slopes, and distant 
from other archaeological features and settlements. Further field in
vestigation is needed before we include them in analyses at this scale. 
Modern reservoirs, roads, and paths, verified as contemporary using 
available ortho imagery, were not annotated as archaeological features. 

Linear, freestanding walls are common throughout the study area, 
and given their variety of potential uses, we made no functional in
terpretations (Hutson et al., 2007; Hutson, 2017). These features have 
been documented across the lowlands and offer a diversity of formal 
functions, including for agriculture (Turner, 1974), defense (e.g.,  
Demarest et al., 1997; Palka, 2001; Rice and Rice, 1981; Scherer and 
Golden, 2009; Webster et al., 2007), intracommunity subdivision (e.g.,  
Hare and Masson, 2012; Hare et al., 2014; Hutson et al., 2006; Kintz, 
1983; Magnoni et al., 2014), and to support informal land-use bound
aries, sometimes as a side effect of clearing areas for cultivation or 
construction (Abrams, 1994; Bullard, 1952; LeCount et al., 2019). The 
majority of walls are dry-laid stone, known as albarradas across much of 
the Yucatán peninsula (Alexander, 1999; Cain, 2019; Magnoni et al., 
2012). Walls are potentially more difficult to identify or isolate as ar
chaeological because they persist over long periods of time and may 
still be in use today. 

Not surprising, given their visibility on the surface, structures and 
platforms make up the majority of features annotated across the 

Table 2 
Density data for all 458 flight paths categorized by equal quantile (20%) in
tervals.      

Quantile Density 
Category 

Structures and 
Platforms per Ha 

Ha per Structure and 
Platform  

Top 20% Very High 0.93–3.75 0.27–1.08  
High 0.52–0.93 1.08–1.92  
Medium 0.21–0.52 1.92–4.76  
Low 0.02–0.21 4.76–50 

Bottom 20% Very Low 0–0.02 greater than50 

Fig. 4. Map of structure and platform density by flight path with Witschey and Brown (2010) sites and other sites mentioned in the text. Density categories in count 
per ha and ha per count compiled in Table 2. 
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database, including 90% of all polygons documented. In the absence of 
ground verification, the counts reported in Table 1 likely underestimate 
the number of smaller structures, which can be difficult to visualize in 
areas of low vegetation; furthermore, constructed platforms versus 
buildings that take advantage of natural rises can be indistinguishable 
(Hutson et al., 2016; Magnoni et al., 2016). Agricultural terraces and 
walls are the most prevalent non-structure archaeological features that 
we documented in these data. We are continuing to study the dis
tribution of individual features, but in this paper, we focus on structures 
and platforms as indices for archaeological settlement patterns and the 
built environment. This approach is not only consistent with recent 
evaluations of regional LiDAR (Canuto et al., 2018) but also the tradi
tion of settlement pattern research across the Maya lowlands (Fedick, 
1988; Ford, 1986; Murtha, 2009; Puleston, 1973; Ricketson and 
Ricketson, 1937). Furthermore, despite recent arguments in favor of 
structure footprint area and volume metrics in density calculations 
(Stanton et al., 2020), we relied on structure and platform counts in this 
first, simplified level of analysis. 

5. Contextual analysis of flight paths 

We revisited our original macro analysis of the ecological systems 

intersected by the samples described here. In this paper, we are most 
interested in how the distribution of archaeological features compares 
to what we know about the ecological systems from largescale and 
available GIS data. The sources of these data are listed and discussed 
below. We use much of the same data and retain the same three key 
categories based on global and national scale data discussed previously 
(Golden et al., 2016). The three key categories are:   

Known Archaeological Context, including: Proximity to all known 
sites and Proximity to documented ‘Type 1, 2, and 3 sites’ defined by  
Witschey and Brown (2010).   
Core Ecological Context, including: Forested Area provided by the 
Food and Agriculture Organization of the United Nations (FAO, 
2012), Soil Type and Use, Proximity to rivers, streams and water 
compiled by Mexico’s National Institute of Statistics and Geography 
(INEGI, 2000), Rainfall and seasonality of precipitation (CoV) down
loaded from WorldClim (Fick and Hijmans, 2017, https://www. 
worldclim.org/) and Physiographic region defined by Beach and 
colleagues (2015, p. 2).   
Modern landcover and administrative context, including: 2010 Land 
Use and Land Cover (250 m) and Protected Areas and Urbanized Areas 
defined by INEGI (2010). 

Fig. 5. Histogram of flight tile counts with distance to nearest Type 1 or 2 site (Witschey and Brown, 2010), 5 km intervals.  
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Structure and platform density data based on count were classified 
into 5 (20%) quantile equal intervals. These intervals were ordered into 
density categories from very low to very high values, and the range for 
each category is summarized in Table 2. In the following analysis, we 
report relative data based on these data categories. An important con
clusion from these data is the relative dispersion of structures and 

platforms across the sample areas. Despite areas with high densities, 
nearly 60% of the sample has more than 2 ha spacing per structures and 
platforms. These results are consistent with overall densities for the 
region around Tikal in the central Petén and Caracol in Western Belize, 
where archaeologists have observed 3–4 ha surrounding each plaza 
group (see Murtha, 2015). 

Fig. 6. Histogram of flight tile counts with distance to nearest Type 1, 2, or 3 site (Witschey and Brown, 2010), 5 km intervals.  

Fig. 7. Bar chart showing samples organized into 10 km distance classes with extreme structure and platform densities (bottom and top 40%) displayed as pro
portionally within distance classes to Type 1 and 2 sites (Witschey and Brown, 2010); middle 20% densities not shown. 
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5.1. Known archaeological context 

One of the long-term goals of the current research is to compare 
remote sensing and curated databases of surveyed areas in the Maya 
lowlands. Our previous research (Golden et al., 2016) relied on the 
most complete and available archaeological site database for the low
lands created by Walter Witschey and Clifford Brown (2010), building 
off previous work (Piña Chan, 1959; Tarazona de González and Kurjack, 
1980). Recognizing some inaccuracies in the spatial placement of sites 
in that database, and despite updates or amendments in the intervening 
time, to improve comparability between our two analyses, we used 
these data again in this paper. A more complete understanding of the 
relationship between flight tiles and the archaeological record will re
quire regional collaborations with archaeological projects to include 
precise and accurate information from systematic survey and mapping 
efforts to move beyond a strict site-based approach. We hope this paper 
and similar approaches will serve as the first step for these collabora
tions. For the purposes of the initial characterization of flight tiles and 
archaeological features, the Witschey and Brown (2010) site data serve 
as a valuable proxy for archaeologically documented areas. We hope 
that this work and related research will catalyze efforts to expand and 
improve the important work by Witschey and Brown (2010). 

Witschey and Brown (2010) classified the largest Maya sites based 
on published reports and available data into a three-tier hierarchy of 
settlement size following the Atlas Arqueológico del Estado de Yucatán 
(Tarazona de González and Kurjack, 1980). In our review of the data
base, Type 1 and 2 sites, while incomplete, is a representative sample of 
what most archaeologists would consider the largest Maya sites, and we 

do not distinguish between Type 1 and 2 sites. The majority of the tiles 
we describe here are located more than 5 km from the largest sites 
recorded in the Witschey and Brown (2010) database, although a 
plurality of flight tiles are less than 5 km away from smaller Type 3 sites 
(Golden et al., 2016) (Figs. 4–6). Five kilometers is used here as a 
catchment to reflect common patterns of site distribution and interac
tion across the lowlands (see Marken and Fitzsimmons, 2015). In the 
Northern Lowlands, the study area included samples within 5 km of 
Type 1 sites (e.g., Chichén Itzá, Cobá, and Izamal) and Type 2 sites (e.g., 
Chunchucmil, Mayapán, Xcombec, San Francisco Ticul, and San Fer
nando) (Arnold, 2018; Folan et al., 1983; Glover and Stanton, 2010; 
Hutson, 2017; Kepecs, 1998; Maler, 1997; Masson and Peraza Lope, 
2014; Pollock et al., 1962). The central Campeche samples were within 
5 km of the Type 2 sites Santa Rosa Xtampak and Hochob (Andrews, 
1988; Morales López and Folan, 2005; de Robina, 1956). In Chiapas, no 
samples were within 5 km of any Type 1 or Type 2 sites. However, some 
samples were located within 5 km of large Type 3 sites Chinkultic and 
Plan de Ayutla, and another sample covered the site core of large Type 
3 site Benemérito de las Américas, Primera Sección (de Borhegyi, 1968; 
Martos López, 2009; Mayer, 2006; Schroder et al., 2019; Tovalín and 
Ortiz, 2005). Two samples overlapped with sites not included in the  
Witschey and Brown (2010) database, including Nuevo Jalisco and El 
Palma, Chiapas, and El Kinel, Petén (Carrasco, 1981; Houston et al., 
2006). 

In all cases, structure and platform densities increase when ap
proaching these Type 1 and 2 sites, and in the case of Chiapas, when 
approaching the above-mentioned large Type 3 sites. Very high den
sities correlate with Type 1 and 2 sites in northern Yucatán, for example 

Fig. 8. Map of flight tiles and structure and platform density extrapolated to forest type (FAO, 2012).  
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in decreasing value near Cobá, Xcombec, Chunchucmil, Izamal, 
Chichén Itzá, and Mayapán. The highest concentrations of Type 3 sites 
are also in the Northern Lowlands, and very high and high densities 
correlate with these locations. Densities in Chiapas are much lower in 
general, but densities increase closer to known sites, including high 
densities surrounding the Benemérito site core, medium densities near 
Chinkultic, the El Palma site core, and within 10 km of Yaxchilán, and 
low densities near Lagartero and sites in the Lacanjá River basin. These 
patterns persist across forested and deforested areas regardless of var
iations in ground point density. 

Several flight samples contain high densities that do not correlate 
with Type 1 or 2 site locations. For example, very high densities persist 
20–30 km to the north and south of Chunchucmil. These areas contain 
44 Type 3 sites within a 5 km buffer. Very high densities also continue 
through samples within 10 km of Cobá to the north and south, and 32 
Type 3 sites lie within a 5 km buffer of these flights. Furthermore, 
transects between Izamal and Chichén Itzá contain very high and high 
densities associated with 81 Type 3 sites within a 5 km buffer. 

Areas in southern Campeche and southern Quintana Roo contain 
high to very high structure and platform densities, associated with no 
Type 1 or 2 sites and few if any Type 3 sites within 5 km. High densities 
persist for 100 km south of Campeche city, but these areas only contain 
8 Type 3 sites within 5 km of the sample flight paths. Another area of 
interest is to the southeast of the Laguna de Términos, more than 
100 km away from the nearest Type 1 or 2 site with no Type 3 sites 
within 5 km. This area contains a high density of features and large 
architecture, including monumental platforms, with no record of 
known sites in the Witschey and Brown (2010) database. 

In summary, 59% of samples located within 10 km of a Type 1 or 2 
site show very high or high densities of structures and platforms. 
Conversely, 38% of samples more than 10 km from a Type 1 or 2 site 
show very high or high densities (Fig. 7). The proportion of low and 

very low density tiles tends to increase as distance to known sites in
creases, while the proportion of high and very high density tiles re
mains more consistent in relation to distance. Thus, an inverse re
lationship between density and distance to known sites exists, but this 
correlation depends largely on the extent of archaeological survey and 
knowledge in a region. Extensive surveys in the Northern Lowlands 
provides abundant data to compare with the G-LiHT dataset, showing 
that the highest feature densities correlate with proximity to Type 1, 2, 
and 3 sites. However, the G-LiHT samples have also shown that high 
feature densities persist in areas away from the largest sites. Samples in 
Chiapas follow a similar pattern, with the highest feature densities 
occurring alongside areas with known sites. Data from central and 
southern Campeche underscore the importance of continued research in 
these regions, as they contain high feature densities but fewer docu
mented site locations. The key conclusion from this analysis is twofold: 
1) the distribution of structure and platform density is not solely related 
to relationship to large known archaeological site location; and, 2) it 
may be time for a team of archaeologists to bring together data from 
across the lowlands in an effort to update and refine a database similar 
to Witschey and Brown (2010). The G-LiHT data offer a starting point 
but need to be combined with more recent LiDAR efforts across the 
lowlands. 

5.2. Core ecological context 

We previously identified several macro-environmental variables to 
contextualize the locations of samples (FAO, 2012; Golden et al., 2016; 
INEGI, 2000). The environmental variables previously identified as 
relating to past activities, land use, and settlement include forested 
type, soil properties, and proximity to water, to which we have added 
additional variables, including annual rainfall, rainfall seasonality, and 
physiographic region (Beach et al., 2015; Fick and Hijmans, 2017). 
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5.2.1. Forested type 
We summarized flight path samples by forested type based on the 

Global EZ Level 2 – Global Ecological Zone data (FAO, 2012). Flight 
paths overlap with four types of forest in order of decreasing area: 1) 
Tropical Moist Deciduous Forest; 2) Tropical Rainforest; 3) Tropical Dry 
Forest; and 4) Tropical Mountain System. As observed previously, all 
flight paths exhibit low diversity of classified forest types, with most 
samples containing a single forest type, while the remainder contain no 
more than two types (Golden et al., 2016, p. 298). 

Tropical Moist Forest and Tropical Dry Forest contain high densities of 
structures and platforms; Tropical Rainforest and Tropical Mountain 
System showed low densities (Fig. 8). The low density of features within 
Tropical Rainforest areas, however, is less likely due to environmental 
conditions and more to the location of these samples within lower 
density areas of the Western Maya lowlands. In fact, high densities of 
the built environment are known from Tropical Rainforest areas in other 
parts of the Central Lowlands (Canuto et al., 2018). 

In this sample, the Tropical Dry Forest category contains two discrete 
areas, one in the northwestern Yucatan peninsula and the other in the 
Central Depression of Chiapas. When these two areas are treated se
parately, density in the northwest Yucatan (high density) is similar to 
other parts of the Northern Lowlands in Tropical Moist Forests, while 
Tropical Dry Forests in the Central Depression of Chiapas exhibit very 
low densities in the sample. These observations emphasize that such 
macro-level environmental data are insufficient in characterizing var
iations in settlement density; perhaps more refined local environmental 
data are more useful. Still, in some flight paths that cross two forest 
types, a notable change in structure and platform density occurs at the 
boundary. For example, the flight paths to the southeast of the Laguna 
de Términos have very low densities in Tropical Rainforest, but the 

density increases to high after crossing into areas of Tropical Moist 
Forest. This change in density is likely associated with several en
vironmental and cultural variables influenced in part by forest type, as 
well as local topographic and natural drainage conditions marked by a 
change from low-lying wetlands to upland forest. 

5.2.2. Soil properties 
The sample area contains ten soil types, listed here in decreasing 

order of representation: rendzina, leptosol, vertisol, solonchak, luvisol, 
regosol, nitisol, gleysol, cambisol, and arenosol. Approximately half 
(50%) of the total flight sample area consisted of fine (high clay con
tent) soils, while 42% were medium, and 2% were coarse. The majority 
of flight samples do not show appreciable erosion (Golden et al., 2016, 
p. 298). 

The highest densities of structures and platforms, as well as agri
cultural terraces, occurred in areas of cambisol and vertisol. Cambisols 
generally provide productive agricultural land, but their over
exploitation can lead to erosion and deterioration (Liendo Stuardo, 
2002, p. 47), while vertisols are high clay content soils usually not 
conducive to rainfed agriculture. High structure and platform densities 
also occur alongside luvisols, litosols, and regosols. Unsurprisingly, very 
low structure and platform densities correspond with arenosol (sandy) 
and gleysol (wetland) soils. High-density settlements were about 
equally represented in fine and medium texture soils with very low 
densities in coarse soils (Fig. 9). 

Although these data provide an initial understanding of the re
lationship between settlement, agriculture, and soil properties, more 
localized data are necessary to refine these interpretations. 
Furthermore, while the INEGI data provide extensive coverage, nearly 
7% of the sample area’s soils remain unclassified. The conclusions from 
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these observations are that generally speaking; soil type is a valuable 
predictor of Maya settlement, which is consistent with many observa
tions about Maya settlements beginning with Sanders’ (1962) spec
ulative summary of the Cultural Ecology of the Maya lowlands (Beach 
et al., 2003; Dunning et al., 1994; Liendo Stuardo, 2002). We also re
cognize the need to develop a more complete picture of lowland soil as 
the next important step in our research (Bautista Zúñiga et al., 2003; 
Bautista Zúñiga and Palacio, 2005). 

5.2.3. Proximity to surface water 
INEGI 1:1,000,000 data (INEGI, 2000) provides the locations of 

surface water in four categories, 1) intermittent streams and rivers, 2) 
perennial streams and rivers, 3) intermittent lakes, and 4) perennial 
lakes. Surface water increases from north to southwest, with limited 
surface water in the Northern Lowlands and abundant streams and 
lakes in Chiapas. We calculated the distance from flight tile centroids to 
water features, finding that roughly 50% of samples are less than 20 km 
away from water, while the remaining samples are between 20 and 
90 km from water, perennial or intermittent (Golden et al., 2016, p. 
299). 

The expectation is that settlement density should have an inverse 
relationship to distance from water, meaning that density should in
crease as flight samples approach surface water. However, the results of 
this analysis are counterintuitive; for example, average settlement 
densities within 0–5 km of perennial and intermittent surface water are 
medium, the lowest value in the distribution. This minimum value 
skews the data to create a direct relationship between density and 
distance to water, meaning that density tends to rise as distance from 

surface water increases (Fig. 10). Furthermore, the distribution of 
structure and platform density is bimodal, showing peak densities (very 
high) at 30–35 km and 65–70 km from all surface water. Still, the 
highest outlier densities are less than 30 km from surface water. Even 
when considering only samples from Chiapas and Tabasco, where sur
face water is plentiful and the farthest distance to water is 9 km 
(compared to 93 km in Yucatán), a weak negative correlation between 
distance to surface water and settlement density is present. However, in 
Chiapas, the highest settlement densities are within 2.5 km of water, 
while only low and very low densities occur above 2.5 km. 

An important observation is that surface water does not take into 
account access to subsurface water, which is more plentiful in the form 
of cenotes and springs in some areas of high and very high-density 
settlements, especially in the Northern Lowlands. Moreover, some of 
the variations may be due to the availability of rainwater as we know 
the Maya were effective at managing runoff for water storage (Lucero 
and Fash, 2006; Scarborough, 1998, 2003; Scarborough et al., 2012b). 
Still, these data suggest that access to surface water was highly variable 
throughout the study area and was not the determining factor in set
tlement location. 

5.2.4. Rainfall and seasonality 
Rainfall and seasonality were not included in the original analysis 

but have been added here. Average annual precipitation and season
ality (coefficient of variation, CoV) data were downloaded from World 
Clim (Fick and Hijmans, 2017), and these current rainfall data were 
used as a proxy for past conditions in the absence of specific paleocli
matic studies (Figs. 11–12). Average annual rainfall varies from less 

Fig. 11. Map of structure and platform density by flight tile and mean annual precipitation from WorldClim (Fick and Hijmans, 2017).  
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than 700 mm per year in the northwest Yucatan peninsula and gen
erally increases to the southwest, with the highest average annual 
rainfall above 3300 mm per year in southeastern Chiapas. The majority 
of samples have annual average rainfall between 600 and 1500 mm. 

WorldClim measures seasonality of precipitation as a coefficient of 
variation (CoV), or the ratio of the standard deviation of monthly total 
precipitation to the mean monthly total, reported as a percentage. The 
percentage can exceed 100% in instances of extreme seasonality where 
the standard deviation exceeds the annual mean (O’Donnell and 
Ignizio, 2012). Lower values reflect areas with rainfall spread evenly 
throughout the year, while higher values indicate increasing season
ality. All CoV values in the study area were higher than 49%, meaning 
that all subregions are considered to have a seasonal climate. The 
majority of sample areas have CoV values between 50 and 80%. In 
flight tiles with average rainfalls between 750 and 1200 mm, no re
lationship with seasonality exists. However, above 1200 mm annual 
rainfall, seasonality tends to decrease as rainfall increases. 

Density of the built environment confirms that settlement density is 
highest in areas with annual rainfall between 700 and 1500 mm. Very 
high settlement density occurs between 700 and 900 mm of annual 
precipitation, with high and medium densities persisting to 1500 mm 
annual rainfall, while low and very low densities occur below 700 mm 
and above 1500 mm, respectively. Densities increase slightly in areas 
above 1900 mm in parts of Chiapas that correlate with larger Type 3 
sites (Fig. 13). Settlement density is medium between 50 and 70% 
seasonality and increases to high between 70 and 90%. Above 90% 
seasonality, density decreases to very low (Fig. 14). Settlement density, 
therefore, is fairly consistent except when influenced by areas with 

increasingly protracted dry seasons. In contrast, agricultural terrace 
density shows a clear correlation with seasonality, with a linear density 
of terraces increasing directly with seasonality until dropping off at 
90%. In summary, areas of lower annual precipitation show higher 
densities of settlement, while areas of higher seasonality show more 
evidence of agricultural intensification. 

5.2.5. Physiographic region 
To reflect the environmental and cultural diversity of the Maya area, 

we overlaid our analysis with a recent study of physiographic sub-re
gions by Beach and colleagues (Beach et al., 2015; Dunning et al., 1998; 
Dunning and Beach, 2010). These physiographic sub-regions classified 
based on local environmental, geological, and cultural conditions are 
expected to influence the location of archaeological features more than 
macro-environmental data (e.g., forest type). The G-LiHT flight tiles 
transect approximately half (17) of these 33 physiographic sub-regions, 
including from north to south (with numbers from the original in par
entheses): North Coast (1); Northwest Karst Plain (3); Northeast Karst 
Plain (4); Yalahau (5); Puuc-Santa Elena (7); Puuc-Bolonchen Hills (8); 
Cobá-Okop (6); Central Hills (9); Edzna-Silvituk Trough (10); Quintana 
Roo Depression (11); Uayamil (12); Caribbean Reef and Eastern Coastal 
Margin (2); Río Candelaria-Río San Pedro (13); Petén Karst Plateau and 
Mirador Basin (14); Highland Ranges and Valleys (28); Río de la Pasion 
(20); and Chiapas, Grijalva River (32). 

Structure and platform density generally decreases from north to 
south. The physiographic sub-regions with very high densities include 
the Northwest Karst Plain, Uayamil, and Puuc-Bolonchen Hills, while 
high densities occur in the Northeast Karst Plain, Central Hills, 

Fig. 12. Map of structure and platform density by flight tile and precipitation seasonality from WorldClim (Fick and Hijmans, 2017).  
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Quintana Roo Depression, Yalahau, Puuc-Santa Elena, and Edzna- 
Silvituk Trough. Very low and low densities are found in parts of 
Chiapas (Chiapas, Grijalva River, and Highland Ranges and Valleys) 
and coastal areas (Caribbean Reef and Eastern Coastal Margin and 
North Coast) (Fig. 15). Agricultural terracing is most common in hilly 
areas of Yucatan, Campeche, and Quintana Roo states, including the 
Río Bec area (Quintana Roo Depression and Uayamil). 

The results of this analysis show that a regional approach that in
corporates physiographic and cultural data has more potential than 
individual site locations in predicting feature density. Still, archae
ological features show marked heterogeneity across and within these 
physiographic subregions, and feature density is especially variable in 
the Río Candelaria-Río San Pedro and Cobá-Okop regions. These find
ings are consistent with observations from Beach and colleagues (2015, 
p. 5), Scott Fedick (1996), and other researchers that the Maya region is 
not monolithic and is instead environmentally diverse between, within, 
and beyond its traditionally defined lowland and highland areas. 

5.3. Modern landcover and administrative context 

Modern land use and landcover are relevant to the processing and 
quality of data analyzed in the G-LiHT samples, as well as character
izing threats to the preservation of cultural resources. Land use vari
ables, however, are constantly changing, presenting challenges to an 
analysis of contemporary landcover. Land use data compiled by INEGI 
(2010) provide the most appropriate dataset to approximate land use 
conditions during the 2013 GLiHT study. Furthermore, we relate the 

results of our analysis with the proximity to protected and urban areas, 
assessing conservation threats to cultural resources. 

5.3.1. 2010 Land use and land cover 
The INEGI (2010) land use data contain numerous nested cate

gories. To simplify the current analysis, data were dissolved into nine 
unique categories and four mixed categories: 1) agricultural area (in
cluding irrigated and seasonal), 2) urban area, 3) area with no vege
tation, 4) forest (temperate montane forest, gallery forest, oak and pine 
forest, and oak forest), 5) body of water (perennial maritime and per
ennial interior), 6) other types of vegetation (popal, savannah, and 
mangrove), 7) foreign country (Guatemala), 8) pasture (including cul
tivated and induced grassland), 9) jungle (high, evergreen canopy; low, 
deciduous canopy; low, semi-deciduous canopy; and medium, semi- 
deciduous canopy), 10) agricultural area-pasture, 11) agricultural area- 
jungle, 12) other types of vegetation-pasture, and 13) pasture-jungle. 
The data also contain relevant information related to the presence of 
secondary forest and appreciable erosion. The majority of flight tiles 
cover areas defined as jungle, amounting to approximately 70% of the 
total surveyed area. The next largest categories are pasture and jungle- 
pasture, each representing less than 10% of the total area of samples. 

Very high densities of structures and platforms are located in areas 
of mixed agriculture and jungle with consistently high densities 
throughout areas of jungle, pasture, and agriculture or mixtures of these 
categories. Very low densities lie in urban areas, forests, and areas 
without vegetation. The lowest densities of archaeological features in 
urban areas and areas without vegetation point to the threats of 

Fig. 15. Map of flight tiles and structure and platform density and physiographic sub-regions, see text for codes (Beach et al., 2015, p. 2).  
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deforestation on cultural resources, while the relatively low densities in 
forest and jungle environments compared to agricultural areas and 
pastureland suggests some level of processing issues in certain types of 
evergreen vegetation (Fig. 16). 

5.3.2. Protected areas and urbanized areas 
Flight samples cross several protected areas, including in decreasing 

order of representation Montes Azules Biosphere Reserve (12), Bala’an 
K’aax Protected Area (8), Los Petenes Biosphere Reserve (3), Lacan-Tun 
Biosphere Reserve (14), Calakmul Biosphere Reserve (11), Ría Celestún 
Biosphere Reserve (2), Balam-Kú Reserve (10), Sian Ka’an Biosphere 
Reserve (7), El Palmar Conservation Zone (1), Balam-Kin Reserve (9), 
Chan-Kin Reserve (15), Lagunas de Montebello Biosphere Reserve (16), 
Bonampak (13), Ría Lagartos Biosphere Reserve (4), Yum Balam 
Protection Area (5), and the Arrecifes de Sian Kaan Biosphere Reserve 
(6) (Fig. 17). In total, the proportion of protected areas amounts to 
17.6% of the combined sample area. 

The density of structures and platforms demonstrates that four 
protected areas contain high values, including Calakmul, Balam-Kin, El 
Palmar, and Balam-Kú. Although adjacent to El Palmar, the Petenes and 
Ría Celestún areas show a marked decrease to a very low built en
vironment density. The overall density of features within protected 
areas is low to medium compared to the high density of features outside 
of protected areas. 

Most flight tiles avoided urban areas, with a plurality of samples 
collected within 30 and 40 km of urban areas (Golden et al. 2016). Only 
four tiles intersect directly with the limits of two urban areas (defined 
as any population center over 2,000 individuals), Cenotillo and 

Valladolid, Yucatán. As expected, no archaeological features were 
documented in areas that intersected with urban zones. However, 
structure and platform density near these urban areas is highly variable, 
ranging from low within 5 km of Valladolid to very high within 5 km of 
Cenotillo. 

Structure and platform density were relatively consistent across 
distance classes; however, high-density areas include those closest and 
furthest from urban areas, in decreasing order within distance classes of 
100–110 km, 20–30 km, 0–10 km, and 50–60 km (Fig. 18). The re
maining distance classes all contain a medium density of features. The 
high density of structures and platforms within 10 km of urban areas, 
and the very high density within 5 km of Cenotillo, underscores that 
much of the archaeological record (9% of all features documented in 
this analysis, compared to 4% of all features in protected areas) is 
threatened by urban development. 

6. Summary and conclusions 

In this analysis, we have confirmed the value and potential of an 
extensive LiDAR survey in opening the doors to new and com
plementary anthropological questions when comparing past settlement 
patterns and density to modern environmental, land use, and con
servation variables, especially in the context of transformative surveys 
conducted in other regions of the lowlands. The G-LiHT data present a 
balance of well-studied areas and under-documented portions of the 
landscape to fill in gaps in understanding while building on regional 
expertise and knowledge developed from decades of research. The 
possibilities for collaboration are promising to develop models that 
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center landscape and environmental studies away from traditional site- 
based approaches. This study has also sought to advance LiDAR and 
remote sensing technologies away from their use as a tool for site 
prospection toward a form of analysis that can develop important re
search questions or approach old frameworks from new perspectives. 

Structure and platform densities annotated over 458 samples over 
southern Mexico have identified relationships between the built en
vironment and several environmental, cultural, and archaeological 
variables. Of these contextual analyses, known archaeological sites, 
forest type, soil properties, access to surface water, rainfall and sea
sonality, and previously defined physiographic regions affected settle
ment density and agricultural intensification to various degrees. We 
conclude that among the variables analyzed, known archaeological site 
location, physiographic region, and modern precipitation patterns are 
the strongest predictors for feature density. Still, rather than high
lighting clear patterns, these data show high diversity across subregions 
not defined by any single variable. Instead, the effects on settlement 
density were influenced by a combination of environmental, cultural, 
and historical variables; some presented here and others undoubtedly 
omitted and to be included in future research. Our study focused on 
settlement density, as defined by structure and platform count, while 
further research will analyze the distribution of specific feature types. 

An important finding from this analysis is that in areas of prior 
archaeological research, these data follow previously established pat
terns, showing consistency of results across approaches in remote sen
sing and pedestrian survey. For instance, high settlement densities in 

the Northern Lowlands match the abundant data compiled from ar
chaeological surveys in this region, likely due to a long history of 
landscape use and reuse from the Preclassic through the Colonial per
iods. The data from Chiapas confirm observations made by archae
ologists over decades of survey in the region that overall settlement 
densities tend to be lower than those observed in Yucatán, while larger 
populations and political centers often cluster near resources, such as 
arable land, bodies of water, defensive locations, or access to trade 
routes (Aliphat Fernández, 1994; Anaya Hernández, 2001; Golden 
et al., 2012; Scherer and Golden, 2009; Schroder et al., 2017). 

The structure densities from this analysis, especially those from the 
Central Lowlands, are consistent with—and are in fact higher than—
recent LiDAR surveys in Guatemala (Canuto et al., 2018), which esti
mate an aggregate settlement density of 29 structures per square kilo
meter in contrast to 49 structures per square kilometer in our 
annotations. These results are especially significant due to the distinct 
sampling strategies used in each study, the former focusing primarily on 
large political centers and the latter on the wider settlement and 
agrarian landscape. We report here, however, only the results of initial 
analysis, with the caveats that these data require ground verification 
and further analysis to interpret chronology and function. What these 
initial results offer is an opportunity to quantify relative differences in 
settlement density and to assess to what extent distinct but related 
environmental and cultural variables affected the observed diversity. 
These data also demonstrate that despite unexpected densities across 
the lowlands, agricultural land is generally abundant. Understanding 

Fig. 17. Map of flight tiles, urban areas (with urban areas overlapping tiles highlighted and labeled), and structure and platform density extrapolated to protected 
areas in Mexico, codes represent protected areas within the study area and the Laguna de Términos (17), mentioned in the text, see text for codes (CONANP, 2020). 
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the variance in the distribution of these agrarian landscapes is an im
portant next step of our research. 

Finally, we encourage further collaboration among archaeologists, 
environmental scientists, and policymakers based on the results of this 
analysis. We have a unique opportunity emerging to link our discrete 
observations into larger open datasets to accommodate more robust and 
complete spatial analysis of features and how they compare to ar
chaeological chronologies and the location of specific resources. 
Contextual analyses of environmental data will benefit from more lo
calized, intensive research rather than the reliance on extensive, mac
roecological variables we have adopted. Furthermore, the analysis of 
land use from data collected in 2010 highlights the benefit of LiDAR not 
merely in documenting archaeological resources but rather on tracking 
changes in modern land use over time. These shifts in modern land
cover, protected areas, and urban zones present threats to the archae
ological and environmental records, and conservation efforts are best 
focused on developing strategies that mitigate such challenges together. 
We expect our ongoing research to contribute to these goals by ad
dressing themes of landscape resilience and sustainability in historical 
and contemporary Maya land use. 
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