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Abstract

:

Airborne laser scanning has proven useful for rapid and extensive documentation of historic cultural landscapes after years of applications mapping natural landscapes and the built environment. The recent integration of unoccupied aerial vehicles (UAVs) with LiDAR systems is potentially transformative and offers complementary data for mapping targeted areas with high precision and systematic study of coupled natural and human systems. We report the results of data capture, analysis, and processing of UAV LiDAR data collected in the Maya Lowlands of Chiapas, Mexico in 2019 for a comparative landscape study. Six areas of archaeological settlement and long-term land-use reflecting a diversity of environments, land cover, and archaeological features were studied. These missions were characterized by areas that were variably forested, rugged, or flat, and included pre-Hispanic settlements and agrarian landscapes. Our study confirms that UAV LiDAR systems have great potential for broader application in high-precision archaeological mapping applications. We also conclude that these studies offer an important opportunity for multi-disciplinary collaboration. UAV LiDAR offers high-precision information that is not only useful for mapping archaeological features, but also provides critical information about long-term land use and landscape change in the context of archaeological resources.
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1. Introduction


Airborne LiDAR has transformed archaeological mapping and prospection, especially in densely forested neotropical regions [1,2,3,4,5,6,7,8,9]. Increasingly, these data are being acquired to produce rapid maps of land surfaces, archaeological features, and archaeological landscapes [10,11,12]. Exemplary archaeological applications have been tightly coupled to multi-disciplinary studies of forests and natural systems [13,14,15,16,17,18]. These studies offer unparalleled information about coupled natural human systems and regional landscapes. As LiDAR systems evolve, terrestrial and UAV applications are increasingly subject to experimentation. As currently configured, such smaller-scale systems do not offer broad regional inventories like occupied airborne efforts, but they offer potentially new opportunities for collaboration and precision data about landscapes that are not always accessible via occupied airborne systems. UAV LiDAR is an emerging innovative tool for archaeology, especially archaeological research focused on long-term studies of coupled natural and human systems. This tool is potentially transformative, especially when complemented by occupied airborne LiDAR, UAV photogrammetry, and terrestrial mapping technologies.



The use of unoccupied aerial vehicles (UAVs), or “drones,” for mapping has increased recently in several fields, including in ecology, archaeology, and industry, due to improvements in battery efficiency, vehicle portability, and diminishing costs [19,20,21,22,23,24,25,26]. Most recent UAV applications in archaeology largely employ principles of low altitude aerial photography and photogrammetry through Structure from Motion (SfM) algorithms to produce 3D models and maps, with additional studies incorporating thermal and multispectral sensors [27,28,29,30,31,32,33,34,35,36,37,38,39]. However, the increasing affordability of lighter weight laser scanning sensors has led to the proliferation of archaeological studies employing UAV-based LiDAR systems. Compared to photogrammetry, LiDAR systems improve terrain mapping in areas of high vegetation cover, alongside the documentation and extraction of above-ground features, including modern structures, archaeological features, and additional layers of canopy [40,41,42,43,44,45,46,47]. While UAV LiDAR applications are increasingly common for studying natural systems and modern infrastructure, we have only recently begun to fully explore their application in archaeology.



Archaeological applications of UAV LiDAR mapping are especially promising for projects that require targeted mapping and/or seasonal or yearly mapping in place of larger-scale aerial surveys that remain cost-prohibitive. The use of UAV LiDAR, particularly in forested tropical environments, is likely to increase, alongside the broader adoption of airborne LiDAR over the past decade as a fundamental part of the archaeologists’ toolkit in such regions [48,49,50,51,52,53,54,55]. UAV LiDAR also presents several benefits and challenges over occupied airborne LiDAR, requiring background knowledge of the specific sites targeted for smaller-scale documentation. As the UAV typically follows the natural contours of the landscape rather than flying at a fixed altitude, a fine-grained understanding of the local landscape is necessary to improve data collection. For the most part, due to the limited horizontal coverage of UAVs (1–4 km2/day) in contrast to occupied airborne systems (>100 km2/day), drones are less useful for site prospection and better for defining site limits or rapid documentation of targeted areas where ancient settlement has previously been identified. Finally, because drones are piloted from the ground within or adjacent to mission areas, local permissions from modern community authorities and members are of even greater importance in this context, although ideally, local communities and other stakeholders should also be consulted when planning larger-scale occupied airborne missions [56,57].



In this study, we report the results of six UAV LiDAR missions flown in the Maya Lowlands of Chiapas, Mexico in June of 2019 (Figure 1). These six missions were conducted in areas over and around known archaeological sites, documented through pedestrian survey and reconnaissance since 2011 by members of the Proyecto Arqueológico Busiljá–Chocoljá (PABC) and the Proyecto Arqueológico Bajo Lacantún (PABL) working in collaboration with local communities and with permission from the Instituto Nacional de Antropología e Historia (INAH) of Mexico. Locations were selected because they represent a broad sample of archaeological contexts, including large urban centers, smaller rural communities, and relict agricultural fields previously documented in the Usumacinta Region [58]. Importantly, samples were also selected to represent variations in modern land use and physical geography, which we further demonstrate with a land cover classification of the study area. We present several digital elevation or terrain models (DEMs) interpolated from ground classified point returns, demonstrating the success of UAV LiDAR collection in archaeological contexts and the potential for further analyses that build off high-resolution topographic data.




2. Materials and Methods


This study builds on our pilot UAV LiDAR studies in the Upper Usumacinta River region of the Western Maya Lowlands [44] and is part of a decade-long field-based project studying the archaeological landscapes of the Usumacinta region [59,60]. The Upper Usumacinta River marks the modern border between Mexico and Guatemala for much of its course between the junction with the Pasión River to Boca del Cerro, Tabasco downstream from the archaeological site of Piedras Negras, Guatemala [61,62,63]. Several archaeological projects have investigated the Mexican and Guatemalan sides of the Usumacinta River since 2003 [64,65]. Our survey efforts were only possible because of this long tradition of research conducted in the region and collaboration with local stakeholders. Our first missions were conducted in Guatemala and Mexico [44], but the missions discussed here were conducted only in Mexico because of the variation in vegetation, landform, land use, and accessibility. The complexity of this variation offered a variety of contexts to investigate how the location, sample size, and processing influences the quality of data collected.



The Usumacinta region is characterized by a complex natural and cultural landscape of ridges and valleys with diverse modern land-use regimes, including recently cleared areas for agriculture and cattle grazing, zones of secondary growth, and protected areas with high canopy. The karst landscape also presents finer-grained variations in the physical geography, including exposed limestone ridges, sinkholes, and cliffs. Archaeological remains in the region are diverse, with large Classic period (250–900 CE) royal centers such as Piedras Negras, Lacanjá Tzeltal, and La Mar, as well as rural farming communities, fortified villages, and relict agrarian landscapes (see Figure 1, sites and samples). This complexity provides a suitable case study to test the efficacy of UAV LiDAR survey for archaeological applications. We report here the results of 6 missions flown in Chiapas, Mexico: Paso del Tigre, Benemérito de las Américas Primera Sección, Edén-Jovero, Nuevo Canán, Lacanjá Tzeltal, and El Pozo de Nuevo Tumbalá.



To better document and quantify the diversity of land uses and land cover in the region, we developed a basic classification coverage, relying on 2019 imagery and Google Earth Engine. In the current study, this land cover classification did not inform LiDAR point processing, as we opted to apply the same processing workflow to each mission. Instead, the land cover classification demonstrates the success of UAV LiDAR mapping in diverse environments. At the same time, an understanding of the modern land use of the region alongside the physical geography can identify areas for improvement in planning future missions. The 2019 landcover classification was created using Sentinel-2 imagery processed in Google Earth Engine (GEE) [66] (Figure 2). The Sentinel-2 Multispectral Instrument (MSI) level 2A (L2A) product representing surface reflectance was filtered by date to scenes from 2019 and by location to scenes covering our study area, resulting in 441 individual images [67]. The S2 cloud probability dataset provided by GEE and generated using the Sentinel Hub sentinel-2-cloud-detector library was joined to the Sentinel-2 MSI L2A image collection. Individual S2 scenes were then masked using a cloud probability threshold of 10. The cloud masked image collection was composited using the median function, resulting in a cloud-free 2019 Sentinel-2 image composite. Next, polygons for each land cover classification category (forest, grassland/cropland, built/bare, and water) were created based on visual inspection of the Sentinel-2 imagery. Points generated from these polygons were split into training (80%) and testing (20%) datasets. A random forest classifier (with n = 100 trees) was applied to the 2019 S2 image composite using bands 1-8A and resulting in a four-class land cover map. The accuracy of the map was evaluated using the testing dataset; overall accuracy was 0.99, with the most frequent misclassification from the grass/crop class being classified as forest [68]. See Table 1 for a confusion matrix and Table 2 for the land cover area for each sample site. The confusion matrix is used to compare the number of pixels predicted to represent a land cover category with the actual land cover type, identified visually in the testing dataset. For example, all pixels representing water were correctly classified, while 350 forest pixels were incorrectly classified as grass/crop.



Each sample area land cover is visible in Table 2. Additionally, a ratio of forest to grassland was calculated for each of the sample sites to create a simple metric to compare each sample’s vegetation cover. Most of the sites exhibit more grassland than forested area; however, sites such as Benemérito Primera Sección and El Pozo exhibit extreme variation in the land cover ratios.



The data discussed here were collected using the University of Florida’s GatorEye Unoccupied Flying Laboratory (www.gatoreye.org, accessed on 18 November 2021), a custom-designed complete UAV remote sensing platform. Our 2019 flights used a custom Scout-32 system from Phoenix LiDAR (https://www.phoenixlidar.com/scout-32, accessed on 18 November 2021). Our two pilot studies also used Phoenix systems, including a previous custom Scout-16 GatorEye system in the Usumacinta River region in 2018 [44,69]. Our 2017 pilot study used a miniRANGER sensor (http://www.phoenixlidar.com/miniranger, accessed on 18 November 2021) and was focused on the monumental center of Piedras Negras, Guatemala. Smaller sites in Mexico, Budsilha and El Infiernito in Chiapas, were the focus of our pilot studies in 2018. These data were acquired using the original GatorEye custom Scout-16 (http://www.phoenixlidar.com/scout-16, accessed on 18 November 2021). Field observations were collected during a two-week period as part of a broader study of lowland Maya settlement and land use, relying on existing occupied airborne LiDAR surveys from 2013 and ongoing LiDAR data acquisition [12,58,70].



Laser point positions were accurately solved in UTM coordinates using observations associated with the positional coordinates of the airborne sensor and the angular orientation of the aircraft. Positions were estimated using integrated kinematic processing of data collected from an onboard global navigation satellite system (GNSS) unit and an inertial measurement unit (IMU) to determine angular orientation. Sensors were geolocated to ±2.5 cm using observations from a dual-frequency GNSS unit, with angular orientation obtained using a high-resolution tactical grade IMU (STIM 300) and integrated post-processed kinematic algorithms relative to a GNSS base station using NovAtel InertialExplorer software. The drone was flown at approximately 80 m above ground level, at a 10 m/s speed, with equally spaced transects about 80 m apart, employing a crosshatch flight pattern to maximize point density and coverage along inclined surfaces.




3. Results


We conducted six missions in Chiapas, Mexico during the 2019 season (Figure 1) [71]. Ground points were classified with semi-automated packages: the set of tools available in ESRI ArcGIS Pro 2.8.3 and LAStools (http://lastools.org, accessed on 18 November 2021), which can be run as standalone executables or through ArcGIS Pro or open-source software (e.g., QGIS 3.16.6). Open-source tools, including the lidR package in R (https://cran.r-project.org/web/packages/lidR/index.html, accessed on 18 November 2021), also produced quality results; however, in this article, we focus on straightforward processing using ArcGIS Pro’s proprietary algorithm [72] to effectively compare the results of field samples, rather than focus on variations in processing results, and to demonstrate ease of use.



In ArcGIS Pro, we first created an LAS dataset (.lasd) followed by two iterations of the Classify LAS Ground tool, first with the ground detection method set to standard, followed by an aggressive classification reusing existing ground points for nearly all missions due to the rugged topography and variable vegetation. In the Benemérito Primera Sección mission, a single iteration of the standard classification sufficed due to the surrounding landscape of a relatively flat upland region adjacent to the floodplain, dominated by grassland with patches of secondary growth. The LAS Dataset to Raster tool was then used with default settings to produce DEMs (Figure 3). In future analyses, we will examine more closely how to address the variation in vegetation and landscape through processing.



Statistics are reported in Table 3 based on ground classification methods using ArcGIS Pro. Despite the variance in ground point classification from sample to sample, the resultant DEMs and visibility of archaeological remains did not vary greatly. Commission (type I) errors, in which vegetation was misclassified as ground, are more common overall in the data, especially in areas of dense low vegetation and drainages. Omission (type II) errors, in which actual ground points remained unclassified, are less common but appear in rugged terrain and in rare cases on the steepest hill summits. In order to define archaeological features, we relied first on surface models and simple raster derivatives, including hillshade, slope, and multidirectional hillshade; the first two generated with the Spatial Analyst toolbox in ArcGIS Pro and the third with the Relief Visualization Toolbox plugin in QGIS 3.16.6, with default parameters [73].



Here, we present the generated DEMs for each site without additional postprocessing. For archaeological purposes, we recommend starting with a standardized workflow such as the one we describe here to compare multiple sites. One long-term goal of our research is to experiment more systematically with several processing methods and algorithms to develop context-specific workflows that respond to the existing vegetation, topographic position, landform, and the scale and distribution of archaeological features [74,75,76].



We discuss each of the six missions below in more detail, moving from north to south in the research area. Each mission was annotated to identify possible archaeological features, relying on a simple, basic definition of built or convex features (structures and agricultural terraces) and incised or concave features (aguadas or pits/reservoirs and channelized fields). Further characterization and ground verification of features is ongoing. Each mission represents a unique archaeological and environmental context, exhibiting different scales of settlement and modern land use, yet the results from the GatorEye surveys are consistent and demonstrate improvements from the 2017 and 2018 missions. These improvements are due to the higher total points collected, ranging from 610 million to 2 billion per mission in 2019, compared to 340–370 million points collected on each 2018 mission and 55 million points in the 2017 Piedras Negras mission. The increased point density was achieved by decreasing the distance between survey transects and increasing the number of possible flights with seven full sets of batteries. The upgraded sensor also allowed increased data collection while flying at higher overall altitudes. With this level of detail, our 2019 efforts confirm our previous estimate that 1–4 km2 of area can be efficiently surveyed in a day [44,46], depending on mission planning and battery availability. We are confident that we can expand the area surveyed by widening the distance between flight transects, especially in areas that are cleared of secondary growth and with only moderate topographic variation.



3.1. Paso del Tigre, Las Limas, and Rancho Don Fermín


The first mission was located within the vicinity of the modern community of El Sacrificio, Palenque, Chiapas (Figure 4). This region consists of extensive or dispersed ancient Mayan settlements in an area of rolling hills today used primarily for agriculture and cattle grazing. The area is largely covered by low vegetation with pockets of secondary forest growth without a true canopy, increasing to the south in more rugged hills, with grassland being the primary type of land cover. Several archaeological sites have been recorded in this area, including the named sites of Paso del Tigre, Las Limas, and Rancho Don Fermín [77,78,79]. Previous excavations and ceramic analysis date occupation and use of Paso del Tigre from the Middle to Late Preclassic (500 BCE–250 CE) to the Late Classic (600–800 CE) periods, while Las Limas exhibits a single, shallow construction phase dating to the Late Classic (600–800 CE) period [80,81,82,83]. While Rancho Don Fermín has not been excavated and fully dated, surface collections of artifacts suggest at least a Preclassic period occupation, and we suspect a significant Classic period occupation as well.



We documented 170 structures and 61 possible terraces within the mapped portion of the Paso del Tigre mission. Small structures known from ground survey are visible in raster derivatives of the DEM, including hillshade, but are challenging to identify without this ground knowledge; while smaller features are discernible, they are often indistinguishable from processing artifacts. Such artifacts are generally caused by misclassified vegetation in low ground point density areas, including along the edges of missions and on the slopes of steep drainages and hills.



Most of the archaeological remains are mounded foundations of house structures that once supported perishable superstructures. Las Limas and Paso del Tigre have denser concentrations of larger structures, or small site cores that represented the earliest settlement. The core of Paso del Tigre is notably larger with more diverse archaeological remains, including administrative and ritual architecture. Surrounding the core of Paso del Tigre, domestic structures are located on the summits of low hills, ringed by architectural terraces. A stream to the west of the Paso del Tigre core was also modified to impound water, with a dam span measuring 35 m long. The dam was clearly used over long periods because of its form and size relative to the small scale of the stream. Additionally, the area also contains a high number of reservoirs (regionally called aguadas) constructed for seasonal storage of water. These features are ubiquitous across the ancient and modern landscape and therefore require further ground verification to confirm their antiquity.



Rancho Don Fermín is located atop a steep but narrow (8–20 m wide) forested escarpment, which complicated ground classification. However, several large platforms and terraces (previously known from ground surveys) are visible. Other nearby hilltops reveal similar modifications. This mission also documented the natural topography of this area, characterized by natural terraces formed by the erosion of the geological bedding planes. Although these features are natural, some were clearly modified to form architectural terraces, as documented at other sites across the region [84,85,86].




3.2. Nuevo Canán and Valle Escondido


This area incorporates two overlapping missions conducted over two separate, consecutive days (Figure 5). Flight lines captured portions of the modern communities of Nuevo Canán, Ocosingo; 11 de Julio, Palenque; and Rancho Vallescondido. Current land use consists primarily of grassland, with modern settlement, farmland, cattle grazing, and areas with medium to high canopy in the southwest approaching the hills that separate this valley from the adjacent Santo Domingo valley located further to the southwest. This southern portion of the mission represents the highest elevation change in the current study area, but the majority of the Nuevo Canán mission is characterized by flat wetland areas to the north of the modern highway. This mission contains one documented archaeological site named for the ranch of the same name, Valle Escondido, as well as a substantial network of drained fields in the seasonal swamps to the north of the modern highway [87,88]. The archaeological site of Valle Escondido consists of a series of platforms supporting a large, central structure and an ancillary structure with no evidence for domestic structures. The location affords a wide viewshed to the north, suggesting functions related to defense, a checkpoint, observation of agricultural fields, or a ritual function. Unfortunately, due to a field site location communication error, the GatorEye system did not collect any points over the Valle Escondido archaeological site; however, the surrounding hills show evidence of 46 structures or modifications with no clear core settlement. However, this region was likely used extensively for agriculture during the Classic Period, complemented by potential intensive agricultural features in the form of drained fields. Some terracing may be present in the hills surrounding Nuevo Canán, but as at Paso del Tigre, many of these features are likely natural bedding planes.



The most intensive zone of anthropogenic modification is located in the low-lying areas to the northeast of the modern community of Nuevo Canán. Over an area of at least 3 km2, a large network of channelized fields drains seasonal swamps into permanent and intermittent streams for the purpose of maintaining and manipulating water table levels depending on seasonality. The antiquity of the features needs to be confirmed through excavation and analysis, as some were constructed historically or recently by members of the modern community. Channelized fields, however, appear distinct due to their consistent orientation (30° east of north) that does not conform to modern land use boundaries. The channels measure between 4 and 10 m wide by up to 120 m long and 20–30 cm deep, further revealing where modern irrigation canals intersect the older channels [88]. While further investigation is necessary to determine when these features were constructed, the detail provided by the LiDAR survey allows us to quantify field size and to estimate long-term productivity and sustainability.




3.3. El Edén and El Jovero


Located within land owned by residents of the modern settlement of Nuevo Guerrero, Ocosingo, El Edén and El Jovero were initially identified separately; however, LiDAR surveys demonstrate that if they are contemporary, they should be considered part of the same settlement cluster, representing one of the largest settlements in these study samples [89,90,91]. This mission contains a nearly equal proportion of forested to grassland area in an area of rolling hills. Low vegetation was misclassified to greater extent in this mission, especially along the edges of the survey and on the slopes of drainages. The El Edén–El Jovero settlement cluster consists of 236 structures identified in the GatorEye survey built on architectural terraces in an environment similar to Paso del Tigre (Figure 6). However, several areas exhibit formal architectural groups consisting of larger public and plaza space, particularly three locations: (1) the area registered as the El Jovero site itself, (2) the area registered as the El Edén site, and (3) monumental architecture on a hill between the two sites.



Other interesting features revealed in the GatorEye survey are the same extensive natural terraces known from Paso del Tigre; however, to a greater degree, El Edén and El Jovero show more evidence of anthropogenic terracing. Some terraces evidently bolstered the foundations of structures on hillsides. However, more abundant are distinctive terraces that follow the natural contours of the hills and do not support other architecture, which we infer to be constructed for agriculture. Such features were first noted in pedestrian surveys at El Edén in 2011 [89]. These terraces are difficult to quantify, as they are linear features and difficult to distinguish from natural bedding planes in the bedrock and “terracettes” formed by livestock, but we have identified at least 41 areas of terracing at El Edén–Jovero in the hills to the northeast and southeast of the El Jovero core.




3.4. El Pozo de Nuevo Tumbalá


One of the most challenging missions in terms of ground classification was centered on the site of El Pozo de Nuevo Tumbalá (or El Pozo for short), named for a masonry cistern (or pozo in Spanish) built into an ancient hilltop platform and the eponymous nearby modern community. Approximately 90% of the surveyed area consists of medium to high canopy forest among rugged karst terrain consisting of steep cliffs and sinkholes, leading to a ground point percentage of 4.0%, the lowest of the 2019 missions (Figure 7). Due to the high pulse density of the UAV survey collected with overlapping flights, this low ground point percentage is enough to identify archaeological features in areas without steep terrain. However, in more rugged areas, archaeological features are difficult to distinguish without the context of ground-verified GPS points.



El Pozo is made up of settlement (27 structures identified with GatorEye) in low-lying valley areas, hilltops, and ridgelines, apparently with a low density of settlement features [85,92]. Large architecture as well as smaller domestic structures are present across the landscape in valley areas and elevated locations. Several possibly defensive walls line the approach to hilltop areas, but their small scale is generally not discernible in the LiDAR data. The highest escarpment is nearly inaccessible, surrounded by cliffs with a possible easier approach from the west. Despite its elevation, this escarpment contains several domestic structures, a large platform, and the cistern for which the site is named. This cistern is constructed of worked limestone blocks lined with stucco, similar to examples from house groups at Tecolote, Guatemala [93]. Despite El Pozo’s proximity to surface water, the presence of a cistern within a platform on an inaccessible hilltop suggests a concern with defense. Excavations at El Pozo confirmed a Late Classic period occupation based on ceramic analysis [94].




3.5. Lacanjá Tzeltal


The archaeological site of Lacanjá Tzeltal is located near the headwaters of the Lacanja River and during the Late Classic period was a capital of the Sak Tz’i, a kingdom ruled by a dynasty best known from looted monuments and textual references found on inscriptions at other sites in the Western Maya Lowlands [95,96,97,98]. Lacanjá Tzeltal has been mapped with terrestrial methods (including tape-and-compass and total station), UAV photogrammetry, and occupied airborne LiDAR collected by the National Center for Airborne Laser Mapping (NCALM) [58], thus offering the most comparative data to compare with the results from the GatorEye system (Figure 8). These spatial data are complemented by several field seasons of excavation that have documented occupation from at least 750 BCE through the 9th century CE [99,100,101]. The valley setting affords a relatively flat landscape bounded by low hills to the southwest of the site core, with grassland representing the primary land cover category. Several small tributaries of the Lacanja River carve gorges through the site, especially on the northwest edge of the core. The data collected by GatorEye thus provide an opportunity to model the location’s hydrology and how architecture has modified the flow of water. The map also shows that the site is compact with only scattered house groups on the hills surrounding the site core, totaling 195 structures within the mapped extent.




3.6. Benemérito de las Américas, Primera Sección


The final mission discussed in this paper is 80 km south of the other areas mapped in 2019. This mission was flown over the archaeological site of Benemérito de las Américas, Primera Sección, a large ancient Maya center located near the confluence of the Upper Usumacinta and Lacantún Rivers [102,103,104] (Figure 9). Excavations and surface collection have recovered ceramics dating to the Terminal Classic period (830–950 CE), although the volume of construction supports the likelihood of earlier occupations, certainly during the Classic period, if not earlier [105,106]. As at Lacanjá Tzeltal, the setting is predominantly flat and cleared of vegetation, except for portions of the north–south trending ridge that contain most of the monumental site core. Settlement, however, extends toward the edges of the mapped area along the ridge’s spurs. The settlement is notably dense, including 771 structures identified in the GatorEye data, oriented around the main ridge or acropolis. In outlying areas of the site, these structures cluster around 43 household aguadas, or reservoirs, also used as borrow pits for building material.



Comparative data is also available at Benemérito Primera Sección, collected by NASA Goddard’s LiDAR, Hyperspectral, and Thermal Imager (G-LiHT), which documented part of the site core in a narrow, 300 m wide LiDAR transect [12,38,70,107]. Although this transect covered a limited portion of the site, the ground point density (74.0%) was far higher than that of the 2019 GatorEye mission (16.5%), likely due to differences in processing, the fact that the GatorEye mapped area contained more medium to high forest, and that the GatorEye mission took place during the rainy season (June) compared to the G-LiHT data, which was collected at the end of the dry season (April), leading to difficulties in classifying ground points under low vegetation in the GatorEye sample.





4. Discussion


UAV LiDAR offers unique scientific utility for capturing detailed information about ancient landscapes and settlements as an in-field archaeological tool with significant advantages over occupied airborne or satellite systems in portability, operational costs, and replicability. Over the past four years, we have been testing and refining our field data collection and processing to better develop systematic methods for documenting these landscapes. We have shown that in diverse and complex modern land use regimes, with proper mission planning, UAV LiDAR can be used to map targeted areas. Local knowledge of the landscape through previous ground-based survey and collaboration with communities offers a critical context to properly conduct such missions. Furthermore, such data do not require (although they will certainly benefit from) complex processing pipelines. Instead, UAV LiDAR data can be processed through straightforward, automated software such as ArcGIS Pro.



Alongside successful mapping of several archaeological sites in the Upper Usumacinta region, our findings are of broader use to archaeologists interested in planning UAV LiDAR missions in the context of complex modern land use regimes and topographic variation (Table 4). As expected, vegetation coverage, calculated as a ratio of forest to grassland from land cover classification of 2019 satellite imagery, influences ground classification with lower ground point percentage in areas with more forest (Figure 10). However, when eliminating El Pozo as an outlier, more variation is clear, signaling that other factors influenced ground classification. A more detailed classification of vegetation type, for example, primary vs. secondary growth, vegetation stress, and canopy height, among others, would likely reveal clearer patterns.



Terrain ruggedness is an additional challenge in the Upper Usumacinta study region, both in the need for higher point densities to model abrupt topographic change as well as in the additional complications in accurately filtering ground points on high slopes without misclassifying vegetation. We have observed that the most challenging feature identification takes place in a combination of rugged terrain and forest cover [108,109]. For example, although Paso del Tigre and El Pozo have similar levels of ruggedness based on mean absolute curvature (the second derivative of the DEM) [110], the low forest to grassland ratio at Paso del Tigre led to a higher ground point percentage. These issues are not unique to UAV LiDAR, however, as we face the same difficulties in the study region with occupied airborne LiDAR data [58]. A further benefit of UAV LiDAR surveys is that point returns can be densified simply with additional flights or increasing the overlap between transects. Indeed, the mission with the lowest ground point density in this case study, El Pozo, with 4.0% ground points still produced a density of 16 ground points per square meter, which is more than enough for the generation of bare earth models. We did not detect a strong correlation between ground point density and feature density, although future ground verification, particularly at El Pozo, will be required to identify the presence of false negatives to establish whether low feature density there is due to settlement choices or the resolution of the data. With future missions, we may be able to identify land cover and ruggedness thresholds where ground point percentage drops significantly.




5. Conclusions


While UAV LiDAR does not provide the same regional coverage that occupied airborne LiDAR offers, it provides a detailed perspective through high-precision mapping to identify archaeological features across the landscape. Importantly, our surveys allow us to move beyond general questions about the presence or absence of ancient settlement. We can begin to piece together the complex coupled natural and human systems that were operating across many centuries with the added potential of tracking seasonal and yearly changes in these systems with follow-up missions. Agrarian features, domestic architecture, reservoirs, and public architecture are dispersed in a mosaic across the landscape, and UAV LiDAR provides detailed samples that we can now use to study how this mosaic influenced past land use and how past land use influences current land use and natural systems, such as hydrology. A more detailed perspective can benefit from complementary field survey to better interpret the outcomes from UAV mapping.



In summary, the improvements in data outcomes from 2017 to 2019 demonstrate that results benefit from additional mission planning, experience, and technological upgrades. Importantly, UAV LiDAR requires complementary fieldwork and in this case study has benefitted from the decade of research and community relationship development that preceded the UAV flights. We reiterate that UAV LiDAR systems are not a replacement for occupied airborne LiDAR, but rather offer a complementary and independent tool that will strengthen archaeological science, especially when investigating ancient coupled natural and human systems. UAV offers many advantages, including our ability to collect data over the same area across different seasons or over multiple years to monitor changes to archaeological resources, vegetation, land use, and natural systems. As the landscape evolves, we will simply return to these sites to document how these landscapes change through time. Finally, with minimal preprocessing, we are collecting more points than necessary, and future analyses will assess to what degree point thinning affects results. Identifying the costs and benefits of high point densities, in terms of collection costs, storage, processing, and feature identification, will be pursued in future research. Nevertheless, these data offer new collaborative opportunities to expand the use and application of these data with soil scientists, ecologists, and land use scientists. While the archaeological features are exciting, potentially more promising are the developing research teams to examine the full history of land use and settlement in this region to more fully document and learn from changing patterns of community and landscape across the southern lowlands of Mexico.
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Figure 1. Map of the study area showing the location of archaeological sites and 2019 GatorEye missions. 
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Figure 2. Flowchart showing the workflow used for the land cover classification in Google Earth Engine. 
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Figure 3. Workflow shown in ArcGIS Pro ModelBuilder for ground classification of LiDAR point clouds and generation of a digital elevation model. 
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Figure 4. Processed DEM over hillshade of Paso del Tigre, Las Limas, and Rancho Don Fermín with identified features (left). Top inset shows a multidirectional hillshade of the Paso del Tigre site core and dam feature at left; bottom inset shows a multidirectional hillshade of structures along a narrow ridge and possible terracing at the southwest of the image at Rancho Don Fermín. 
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Figure 5. Processed DEM over hillshade of Nuevo Canán (left); points representing canals are not exhaustive and merely give a sense of the distribution of these linear features. Top inset shows a multidirectional hillshade of the rugged topography of steep slopes and deep gorges in the foothills to the southwest of the mapped area with possible structures; bottom inset shows a multidirectional hillshade of a portion of channelized fields alongside modern canals. 
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Figure 6. Processed DEM of El Edén and El Jovero; top inset shows the site core of El Jovero, bottom inset shows hilltop Scheme. 
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Figure 7. Processed DEM of El Pozo de Nuevo Tumbalá, the top inset shows hilltop settlement, the bottom inset shows poor ground classification of the steep escarpment overlooking the valley portion of the site to the north. 
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Figure 8. Processed DEM of Lacanjá Tzeltal. The top inset shows the monumental core of the site; the bottom inset shows a hilltop architectural group to the south. 
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Figure 9. Processed DEM of Benemérito Primera Sección. The top inset shows abundant domestic patio groups surrounding aguadas or reservoirs; the bottom inset shows the main plaza and acropolis of the site. 
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Figure 10. Scatter plots with trend lines and confidence intervals showing the relationship between ground point percentage and land cover or ruggedness, respectively. 
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Table 1. Confusion matrix for land cover classification testing dataset.
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Actual






	
Predicted

	

	
Forest

	
Grass/Crop

	
Built/Bare

	
Water

	
Total




	
forest

	
35,141

	
95

	
0

	
0

	
35,236




	
grass/crop

	
350

	
13,360

	
0

	
0

	
13,710




	
built/bare

	
0

	
32

	
246

	
0

	
278




	
water

	
0

	
0

	
0

	
1590

	
1590




	
Total

	
35,491

	
13,487

	
246

	
1590

	
50,814
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Table 2. Landcover in square kilometers for each sample discussed here.
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	Site
	Forest: Grassland Ratio
	Forest Cover
	Crop and Grassland
	Urbanized Area
	Water
	Total





	Paso del Tigre
	0.722
	1.36
	1.88
	0
	0
	3.24



	Benemérito Primera Sección
	0.0271
	0.0590
	2.18
	0.000589
	0
	2.24



	Edén-Jovero
	1.01
	1.71
	1.70
	0.000981
	0
	3.41



	Nuevo Canán
	0.660
	3.35
	5.07
	0.0766
	0.0209
	8.52



	Lacanjá Tzeltal
	0.766
	1.04
	1.36
	0.000196
	0.000981
	2.40



	El Pozo
	6.49
	2.54
	0.392
	0
	0
	2.93
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Table 3. File statistics from the 6 UAV LiDAR missions.






Table 3. File statistics from the 6 UAV LiDAR missions.





	Mission
	# of .las Files
	Total Points

(×107)
	Ground Points

(×107)
	Ground Points %
	Area (km2)
	Ground Points/m2
	% 1st

Return





	Paso del

Tigre
	14
	92.1
	15.1
	16.4
	3.2
	47
	87.2



	Canán
	37
	203.8
	35.4
	17.4
	8.2
	43
	89.9



	Edén-Jovero
	16
	116.6
	17.4
	15.0
	3.3
	52
	88.0



	El Pozo
	14
	109.5
	4.4
	4.0
	2.8
	15
	77.1



	Lacanjá Tzeltal
	36
	130.1
	15.1
	11.6
	2.3
	65
	84.8



	Benemérito Primera Sección
	37
	61.8
	10.2
	16.5
	2.1
	48
	92.5
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Table 4. Summary of forest–grassland ratio, mean absolute curvature of 10 m resolution surfaces resampled from the LiDAR bare earth models and edge-corrected, ground point percentage, and feature point density per square kilometer. Higher mean absolute curvatures are an index of higher topographic ruggedness.
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	Site
	Forest: Grassland Ratio
	Mean Absolute Curvature
	Ground Point Percentage
	Feature Density per km2





	Paso del Tigre
	0.722
	2.15
	16.4
	72



	Benemérito Primera Sección
	0.0271
	0.56
	16.5
	388



	Edén-Jovero
	1.01
	1.35
	15.0
	84



	El Pozo
	6.49
	2.34
	4.0
	10



	Lacanjá Tzeltal
	0.766
	1.13
	11.6
	85



	Nuevo Canán
	0.660
	0.82
	17.4
	16
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