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ABSTRACT

Although aerial lidar has proven to be a powerful tool for mapping archaeological landscapes, particularly in forested regions of the world, the high costs of con-
ventional lidar acquisition from aircraft or professional-grade drones remains a hurdle to many researchers. The recent development of ultra-compact, relatively low-
cost lidar mapping systems that can be deployed on consumer-grade drones now make it feasible for archaeologists to collect their own high-resolution aerial lidar of
sites and landscapes, but the efficacy of these systems remains largely untested. This paper presents results of surveys undertaken using a ultra-compact, drone-
deployed lidar at archaeological sites located in three different environments: 1) tropical forests at Kealakekua Bay State Historic Park, Hawai’i, 2) pinon-juniper
forest on Mesa Verde’s North Escarpment, Colorado, and 3) mixed deciduous-evergreen forest at Enfield Shaker Village, New Hampshire. Results reveal a wealth of
archaeological features at the three study sites and demonstrate the potential of drone-based lidar as a tool in archaeological prospection, but also illustrate some of
the significant technical and practical challenges involved in making use of this exciting emerging technology.

1. Introduction

The past decade has witnessed a revolution in archaeologists’ ability
to discover and interpret the remains of past human activities in forested
and densely vegetated areas of the world, largely due to the increasing
availability and steadily improving resolution of aerial lidar. Forests
have confounded archaeological investigations for decades, as conven-
tional pedestrian survey methods have difficulty accessing and recog-
nizing archaeological remains, surveying tools like GPS and Total
Stations are difficult to operate, terrestrial geophysics is nearly impos-
sible, and traditional forms of aerial or satellite remote sensing rarely
reveal features hidden below tree canopy. Because aerial lidar offers the
ability to record the ground below trees and other vegetation, producing
a “bare earth” digital terrain model (DTM), it can reveal any archaeo-
logical feature that has topographic expression, including building re-
mains, earthworks, agricultural field systems, canals, and roadways
(Opitz and Cowley, 2013). As such, aerial lidar has rapidly become a
transformative tool, especially in areas that are densely forested or
vegetated such as central America (e.g., Chase et al. 2011; 2012; 2014a;
2014b; Chase and Weishampel 2016; Fisher et al. 2016; Golden et al.

2016; Inomata et al. 2017; Loughlin et al. 2016; Macrae and [annone
2016; Prufer et al. 2015; Rosenswig et al., 2013; Stenborg et al. 2018;
Venter et al. 2018; Yaeger et al. 2016), Europe (e.g., Bewley et al., 2005;
Cerrillo-Cuenca 2017; Challis et al. 2011; Due Trier et al. 2015; Masini
et al. 2018), North America (e.g., Gallagher and Josephs 2008; Henry
et al. 2019; Johnson and Ouimet 2014; Randall 2014; Riley and Tiffany
2014; Krasinski et al. 2016), Southeast Asia (Evans et al. 2013; Evans
and Fletcher 2015), and other parts of the world (e.g., McCoy et al. 2011;
Opitz et al. 2015; Freeland et al. 2016; Cheng et al. 2016).

The main stumbling block faced by researchers interested in using
aerial lidar for archaeological exploration is the high costs associated
with data collection. Conventional airborne lidar sensors are bulky in-
struments that are very expensive and require specially outfitted planes
to deploy, such that archaeologists must generally contract with a lidar
firm to perform data collection, a cost-prohibitive option to most re-
searchers. Alternatively, data is sometimes distributed by government
agencies, but it is rarely available at better than 1 m resolution and is
limited in coverage or unavailable in many areas. In recent years, more
compact lidar sensors have made drone-acquired lidar possible for the
first time and several recent studies have demonstrated the potential for

* Corresponding author at: Department of Anthropology, Dartmouth College, Hanover, NH 03755, USA.

E-mail address: jesse.j.casana@dartmouth.edu (J. Casana).

https://doi.org/10.1016/j.jasrep.2021.103133

Received 3 March 2021; Received in revised form 22 July 2021; Accepted 25 July 2021

Available online 26 August 2021
2352-409X/© 2021 Elsevier Ltd. All rights reserved.


mailto:jesse.j.casana@dartmouth.edu
www.sciencedirect.com/science/journal/2352409X
https://www.elsevier.com/locate/jasrep
https://doi.org/10.1016/j.jasrep.2021.103133
https://doi.org/10.1016/j.jasrep.2021.103133
https://doi.org/10.1016/j.jasrep.2021.103133
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jasrep.2021.103133&domain=pdf

J. Casana et al.

archaeological documentation using data these systems produce (e.g.,
Khan et al. 2017; Murtha et al. 2019; Risbgl and Gustavsen 2018). But
deploying survey grade lidar has many of the the same shortcomings as
other airborne systems. The instruments remain too costly for all but the
most well-funded researchers, while the size and weight of even the
smallest survey-grade aerial lidar instruments are such that they require
professional-grade drones (weighing > 25 kg/551bs) to carry them.

A new generation of ultra-lightweight (<3.5 kg), relatively low-cost
lidar sensors are now available, largely developed for use in “simulta-
neous localization and mapping” (SLAM) employed in autonomous ve-
hicles. Recently, numerous firms have sought to integrate these sensors
into drone-deployable mapping packages. For the first time, archaeol-
ogists are thus able to collect our own lidar data using a small sensor
mounted on a standard, consumer-grade drone for a cost comparable to
other field research instruments (e.g., VanValkenburgh et al. 2020). As
with the revolution that drones have made possible in visible, near-
infrared and thermal imaging (e.g., Casana et al., 2020; Hill et al.
2020; Casana et al., 2017; McLeester et al., 2018), these new systems
offer a range of exciting opportunities for archaeological discovery and
mapping because we can collect lidar data where and when it is needed,
and at whatever resolution is appropriate to maximize feature recogni-
tion. Nevertheless, the relatively new set of instruments and technolo-
gies needed to undertake drone-based lidar surveys remain largely
untested in archaeological contexts.

This paper presents a summary of our recent experiments with
drone-based lidar, discussing results from surveys at archaeological sites
possessing a variety of cultural features located across a range of
different environmental zones. We have conducted surveys at: 1) a

Journal of Archaeological Science: Reports 39 (2021) 103133

traditional (pre-European contact) royal center located in tropical for-
ests at Kealakekua Bay State Historic Park, Hawai’i, 2) an ancestral
Pueblo community in pinon-juniper forest on Mesa Verde’s North
Escarpment, Colorado, and 3) a historical Shaker Village site located in a
mixed deciduous-evergreen forest in Enfield, New Hampshire (Fig. 1).
We have developed a set of field methods for data acquisition and
experimented with a variety of post-processing approaches to achieve
optimal results using relatively low-cost drone-based lidar systems.
Results reveal an abundance of archaeological features at all the sites,
including both known and previously unrecorded features, providing a
strong basis for ongoing research in these areas. More broadly, our re-
sults offer a blueprint for archaeologists interested in deploying drone-
based lidar in their own research projects, helping to outline the op-
portunities, limitations, and ongoing challenges with this exciting
emerging technology.

2. Instrumentation and methods

Collection of drone lidar data requires a significant number of
different instruments (Fig. 4A) and limitations in current commercial
technologies mean that drone lidar surveys are far more complex than
visible light-based imaging or photogrammetric mapping (Fig. 4B).
Building and deploying a low-cost, drone-based lidar system for
archaeological survey requires a number of decisions that fall into in
three categories: 1) hardware (lidar, drone), 2) data collection (flight
plan, altitude), and 3) post-processing (data processing, visualization).
Below we describe the system we created and some of the pros and cons
that had to be weighed in terms of functionality and cost.

A. Kealekekua Bay State Historic Site B. Mesa Verde North Escarpment C. Enfield Shaker Village
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Fig. 1. Locator map, showing the three study sites in this paper and areas of the United States covered by tree canopy (courtesy United States Forest Service, 2016).
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2.1. Hardware

2.1.1. Lidar

An aerial lidar survey system involves several key components
including the lidar sensor that records angular and distance measure-
ments, an inertial measurement unit (IMU) that records orientation in-
formation for each measured point, a precise GNSS (Global Navigation
Satellite System) system to record location information for each point,
and a drone or other vehicle on which the system can be deployed. Most
commercially available drone-deployable lidar systems are sold by “in-
tegrators” who package third party lidar sensors and IMUs into a com-
posite drone-deployable instrument, capable of producing a single fused
data product. While many companies have begun to offer these inte-
grated drone lidar packages, most use one of just a few commercially
available lidar sensors that are sufficiently small and light to be carried
on a consumer-grade drone.

We use a lidar package that is built around the Velodyne “Puck” VLP-
16 lidar, one of the most popular sensors for its small size, light weight,
and affordable price tag, integrated with a proprietary Geo-MSS Navi-
gator IMU, designed and built by San Diego-based Geodetics Inc.
(Fig. 2). The Velodyne lidar series is designed for SLAM sensing from
vehicles, and thus has several shortcomings compared to more costly
survey-grade lidar systems. While lidar systems designed for mapping
typically have a rotating mirror or set of mirrors, the Velodyne VLP-16
has 16 hard-mounted lasers that rotate, collecting data in a 30°

GNSS base
station

Fig. 2. DJI Matrice 600 drone with Geodetics Geo-MSS Navigator lidar system,
incorporating a Velodyne VLP-16 lidar and 2-m boom for GNSS antennas.
Surveys also require a static iG3 GNSS receiver and a laptop broadcasting
mobile WiFi for flight mission planning and execution.
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vertical field of view. The VLP-16 has a relatively low power laser that
limits its effective range to 70-80 m, restricting the height at which it
can be flown. It collects around 300,000 points per second, which is
much lower than more costly survey systems that can collect more than a
million points per second. Moreover, while some systems offer the
possibility of full wave-form lidar data, which enables a range of more
sophisticated analyses (Mallet and Bretar 2009), or at least multiple
returns per pulse, the VLP-16 is limited in its ability to penetrate dense
tree canopy by offering only two returns per pulse. The VLP-16 records
the strongest and the last return, which often corresponds to the tree
canopy and the ground, but is nonetheless a serious limitation as
compared to more costly sensors.

Velodyne offers several other lidar sensors that can be integrated in
the same manner as the VLP-16 we use in this study, such as the HDL-
32E which has twice as many lasers and thus doubles the speed of
data collection for the same point density, as well as the HDL-32C, which
additionally doubles the strength of the pulse to allow for measurements
at greater distances, but these systems also cost more than double the
price of the VLP-16. Systems such as the Reigl mini-VUX line of lidar
sensors offer the additional advantage of either full waveform returns or
up to five returns per pulse, and significantly greater range, improving
canopy penetration and survey efficiency, but are prohibitively expen-
sive for many researchers. Moreover, the larger size of Reigl lidar sensors
are above the payload capacities of the largest consumer-grade drones
currently available, and thus require larger custom enterprise drones or
aerial vehicles such as Riegl’s own RiCOPTER, which increase the
logistical problems of transportation and field deployment.

2.1.2. Drone and GNSS

The Geodetics MMS lidar system is designed to be flown on the DJI
Matrice 600 (M600) hexacopter (Fig. 2), the largest drone currently sold
by industry leader DJI and the current industry standard for high
payload operations, with payload capacity at 6 kg (131bs). The M600 has
not seen a redesign since it was originally released in 2016, when Wired
magazine called it, a “six-rotor pro-level monster drone that looks like it
spends nights and weekends hunting for Sarah Connor” (Barrett 2016),
and it certainly lacks many of the upgrades that are common on newer
DJI models, such as obstacle detection and extended flight times. The
smallest third party commercial case available for the M600 is still more
than a meter square, falling just below the maximum luggage weight and
size many airlines will accept.

Flying drone lidar requires balancing the power and navigation
needs of both the platform (i.e., drone) and the instrument (i.e., lidar). A
single M600 flight requires six batteries, and given the weight of the
lidar system, flight times are only 12-15 min depending on altitude and
wind conditions. In order to mount the lidar system on the drone, it
requires a customized frame. The instrument is not integrated into the
drone software, power, or navigation systems, and thus it necessitates its
own batteries and its own GPS/GNSS sensors.

In order to effectively post-process lidar data Geodetics MMS, it is
necessary to simultaneously collect GNSS data using a ground-based
instrument (Hill et al., forthcoming). During our surveys, we use an
iGage 3 static GNSS receiver, which is set up and allowed to run
continuously during surveys. Data collected by the instrument is then
used as the basis for post-processing of lidar data (see below).

2.2. Data collection

To effectively collect drone-based lidar, careful consideration must
be given to mission planning parameters in terms of altitude, speed, and
other factors. Many archaeologists will be familiar with conventional
drone-based aerial imaging in which a higher altitude produces a larger
footprint on the ground at the cost of lower resolution. With a low-cost
lidar system, attenuation of the pulse beam strength beyond 75 m means
that the effective width of the data collected on the ground is reduced at
higher altitudes (Fig. 3). For example, if a survey is flown at 40 m above
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Fig. 3. Diagram illustrating trade-offs between lidar swath-width and the altitude of the sensor. Attenuation of the laser beam restricts the effective altitude at which

surveys can be conducted.

Fig. 4. A) Aerial photo of Ka‘awaloa, a forested peninsula in Kealakekua Bay,
Hawai‘l, that was home to a large royal center and settlement. B) Stone
architectural remains on the Ka‘awaloa Peninsula are covered by dense tropical
forest (Photos by Jesse Casana; Mark McCoy for scale).

the ground, the maximum swath width would be 126.8 m with
decreasing resolution and accuracy at the margins, while at 65 m alti-
tude, swath with is only 74.8 m, but with reduced loss in accuracy and
resolution. Thus, there is both a maximum altitude at which the sensor
can be operated, but also a decreasing efficiency as that maximum is
approached, due to the narrowing of the swath width. On the other
hand, unlike aerial surveys designed to collect images for photogram-
metric processing in which overlapping images of greater than 75% are

optimal, it is only necessary to have a relatively small (<10%) overlap
between survey transects in a lidar mission plan in order to ensure
complete coverage of the resulting point cloud. However, in our expe-
rience, overlapping transects by greater than 50%, such that all parts of
the ground can potentially be imaged from at least two survey transects,
will produce better results when attempting to penetrate tree canopy or
other forms of vegetation. Most of our flights were conducted at 40 m
altitude, providing a good compromise between coverage and point
density while enabling us to remain above tree canopy in most instances.

We plan surveys using UgCS, a powerful but complicated mission
planning software. While more cumbersome than the numerous app-
based, third-party mission planners now available, UgCS offers several
key advantages that are necessary for lidar flights, particularly with
instruments like the Geodetics MMS that require calibration after
takeoff. UgCS enables each individual waypoint in a survey to be inde-
pendently positioned, it enables drone speed, orientation, and altitude to
be changed for each flight segment, and critically, it enables the drone to
follow changes in topography using either an SRTM or user-supplied
basemap such that the lidar sensor remains within its effective range
of the ground. On the downside, UgCS requires missions to be planned
on a laptop, and then transferred to the drone, while flights themselves
are monitored on a tablet, requiring a WiFi connection between the
tablet and the laptop. The complexity of the operation means that it
requires a ground crew of at least two people to execute flights safely
and efficiently. A typical lidar drone survey generally begins with a
calibration flight pattern in which the IMU configures itself, and for the
Geo-MSS Navigator, calibration involves making at least four 90°turns
with the drone while in flight or by performing a figure-eight maneuver
prior to beginning data collection. Once calibration is complete, typi-
cally requiring 1-2 min of flight time, the drone can then proceed on a
data collection mission.

Speed is a key limitation as the faster the drone is moving during
survey, the lower the recorded point density on the ground. In cases
where there is little vegetation obscuring the ground, it is possible to fly
at 4-5 m/s and still achieve usable results, but when penetration
through vegetation is the goal of a survey, flight speeds during data
collection must be limited to 2 m/s or less. These very slow speeds,
combined with relatively low working altitudes, greatly limit the overall
area that can be effectively surveyed in a single flight. In order to
improve survey efficiency, we plan missions such that the calibration
phase of the flight, transit to and from a target area, and transit between
end points of survey transects are all flown at higher speeds, enabling us
to cover more area with a single flight.
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Because each flight requires six large, TBS47 or TBS48 batteries,
transporting and maintaining them can be challenging in remote field
conditions. While the TBS48 batteries offer slightly more power, the
TBS47 is designed to be just under the 100 W/hour limit for transporting
in unlimited quantities in carry-on baggage on most airlines. In our
experience the benefit in terms of additional flight time provided by the
larger TBS48 batteries is negligible, so that the TBS47 are preferred.
When conducting surveys, we maintain three sets of batteries such that
one can begin charging as soon as a flight is completed, enabling us to fly
throughout the course of a day with relatively little interruption. How-
ever, the batteries get very hot during flight and require time to cool
before they can be recharged, and in very warm weather as we experi-
enced in Mesa Verde, they will cool more slowly and require more time
to begin recharging. Additionally, in cold and windy weather, as we
experienced in New Hampshire, the batteries will not work at all unless
kept warm, as they do not contain the built-in warming system of more
advanced DJI batteries. When working in remote areas that do not have
available power outlets for charging, we rent a portable generator, and
we found that to charge twelve batteries simultaneously requires at least
a 2200 W unit.

2.3. Post-processing

2.3.1. 3D point data processing

Raw data from the Geo-MMS sensor is downloaded after a mission
and processed, along with GNSS base station data, in a proprietary
software package from Geodetics Inc. to produce a standard georefer-
enced .las point cloud. Sets of point clouds from a complete survey are
further processed in a combination of the widely used LAStools suite of
powerful command line tools (Isenburg 2011, rapidlasso.com) along
with the open source SAGA GIS (www.saga-gis.org/en/index.html) and
CloudCompare (www.danielgm.net/cc/) packages (Hill et al., forth-
coming). This further processing is done to combine multiple point
clouds into a single composite, remove noise, check for errors, classify
points into the standard classification system (including ground, vege-
tation, building, etc.), and convert the “ground” classified points to a
“bare earth” DTM that represents the surface with all buildings and
vegetation removed.

These final steps, classifying the point clouds and producing the
DTM, are the most critical step for revealing anthropogenic features
hidden below vegetation, and there are a variety of workflow options for
classifying point clouds. One important limitation of sensors intended
for SLAM, including the Puck series like the VLP-16, is a significant
amount of “noise” relative to survey-grade sensors like those from Riegl.
The sensor is claimed to have accuracy up to +/- 2 cm, but with the
additional error of the IMU and the GNSS sensors combined with the
movement of the drone platform, the errors in each point can be sig-
nificant, making classification more challenging (Hill et al.,
forthcoming).

2.3.2. Visualization

After the creation of the final, composite, cleaned, and classified
point clouds and the generation of bare earth DTM data, the resulting
geo-tiffs can be visualized in a variety of ways. For inspecting and
sharing the raw data, we use the free Potree package (Schuetz 2016) to
visualize the classified point cloud data and share it with colleagues and
stakeholders over the internet via a web browser. Although it can be
cumbersome, it provides an easy way to show people the extent and
density of the raw data. The DTM outputs are then brought into GIS
software and visualized in a number of ways, with the specific ap-
proaches in each case study selected in order to highlight the subtle
topographic anthropogenic features we are interested in identifying.
Additional DEM processing can be done with SAGA GIS and the Relief
Visualization Toolkit (Kokalj and Somrak, 2019) to further enhance
subtle features (Kokalj and Hesse 2017). This can include hillshading,
multi-directional hillshading, local relief modeling, and other methods.
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Finally, DTM visualizations are combined with Digital Surface models
and orthophotographs derived from photogrammetric mapping to pro-
duce the final data set for each site.

3. Results and discussion
3.1. Kealakekua Bay State Historical Park, Hawai‘i

Kealakekua Bay, located on the west coast of Hawai‘i Island, was
home to one of the Kona district’s ‘royal centers’ used by the island’s
monarchs from CE 1600 until the early 19th century consolidation of the
archipelago into a single kingdom (see McCoy 2018 for a recent review
of the archaeology of royal centers). The bay is dominated by steep sea
cliffs that separate the main residential area located on the Ka‘awaloa
Peninsula, in the north, from the religious precinct at Napo‘opo‘o, in the
south (Fig. 5). Our first written accounts of life in Ka‘awaloa are from an
CE 1778-9 visit by two British ships commanded by Captain James Cook.
It was at the shore in Ka‘awaloa that Cook and his crew attempted to
kidnap the island’s king resulting in the death of Cook and four of his
marines.

Standing stone architecture—enclosures, walls, platforms,
terraces—is unusually dense here, perhaps denser than any other loca-
tion in the islands (McCoy et al. 2021; Hommon 2014). The natural
isolation of the peninsula, and the historical importance of Ka‘awaloa,
has helped keep both the pre- and post-contact era remains well-
preserved. Today, Kealakekua Bay is managed by the Hawaii’s State
Parks, in partnership with the local community and tour operators who
bring visitors to Ka‘awaloa by boat or kayak.

Ka‘awaloa presents a number of challenges for archaeologists. Sur-
vey in the Hawaiian Islands often requires dealing with thick vegetation.
This occurs in locations with high rainfall and in those with lower
rainfall, such as Ka‘awaloa, that are frequently densely covered with
mesquite tree (kiawe; Prosopis pallida). On older geologic substrates with
sufficient rainfall, soils are well-developed and bedrock outcrops are less
prevalent. In these contexts once vegetation is cleared archaeological

Fig. 5. Ka‘awaloa Peninsula, Kealakekua Bay, Hawai‘i: A) drone-derived
orthoimage, B) first return lidar with tree canopy, C) bare-earth terrain
model hill shade revealing extensive architectural remains, D) inset showing a
close-up of central architectural remains.
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features are readily identifiable. In other environments, where rainfall is
lower and there are geologically young substrates, bedrock outcrops are
often exposed, making it more difficult to discern built from natural
features. Ka‘awaloa is thickly forested on a geologically young penin-
sula, and for archaeological visibility this means it presents us the duel
problems of archaeological features obscured by vegetation as well as a
great deal of natural features (Fig. 4).

Survey was conducted in June 2019 at Ka‘awaloa, an area that can
only be accessed by water or via a 6.1 km hike down a steep slope. In this
case, working with archaeologists from Hawai‘i’s State Parks and a local
community group (Ho‘ala Kealakekua), we hired a boat to deliver our
team and equipment to a small dock at the Captain Cook Monument, the
only place to access the peninsula as well as the only area from which it
was possible for a drone to take off and land (Fig. 2A). Surveys were
completed over a 20 ha area of the peninsula, at 40 m elevation and 2 m/
s speed during transects, followed by visible light photogrammetric
mapping flights using a DJI Phantom 4 Pro.

Results identified a large number of building foundations, walls, and
other architectural features, none of which are observable in aerial
visible light imagery (Fig. 5). We now have a dataset that allows us to
distinguish wide, high walls likely built during the 19th century from the
range of smaller features more likely representing the pre-European
contact era (McCoy et al. 2021). The high-resolution model is particu-
larly good for mapping the micro-topography of natural features (i.e.,
small lava blisters and crevasses). These allow us to distinguish the high
density of domestic features in the northeast portion of the survey area
from the near absence of households in the southwest. The relative
density, and make up, of royal centers are especially important since the
Hawaiian Islands saw the rare case where state society did not co-evolve
with urbanism (Hommon 2013; Jennings and Earle 2016; Kirch 2010).
Thus, the value of this type of remote sensing for archaeology in the
Hawaiian Islands is not unlike other lidar-based surveys of Maya to
generate a more complete picture of settlement patterns.

3.2. Mesa Verde North Escarpment, Colorado

Just north of well-known Mesa Verde National Park, Colorado, lies
an extensive escarpment that today is under the jurisdiction of the Bu-
reau of Land Management (Fig. 6). A cluster of archaeological remains
within this area, known as the Knife-edge Ridge Community, was
initially surveyed and cursorily recorded during a large-scale recon-
naissance project by the University of Colorado in 1968 (Martin et al.
1971). The area was revisited in 2019 (Reese 2019), and several more
architectural features along with a prehistoric reservoir and associated
canal were identified. Ceramic assemblages associated with each
structure in the Knife-edge Ridge Community suggest the area was
occupied during the Pueblo II and Pueblo III periods (AD 900-1300),
and was likely the most densely occupied community on the Mesa Verde
North Escarpment during this time period. Despite a full-coverage
pedestrian survey of the community, heavy landcover often made it
difficult to accurately record the full extent of architectural rubble, and
to accurately identify some types of architectural features while on-the-
ground.

Lidar survey of the Knife-edge Ridge Community was conducted in
July 2019 (with permission from the Bureau of Land Management — Tres
Rios Field Office under Research Permit #C-79006) to explore the full
extent of this dense ancestral Pueblo occupation. Data collection on the
Mesa Verde North Escarpment is challenging, as there are no public
access roads in the area and only a few historic logging tracks that
penetrate the forest. We were fortunate to gain access to the survey area
via a private ranch in the region, but we still needed to carry the large
cumbersome drone and other instruments 2 km through dense forest to
find suitable clearings for take-off and landing (Fig. 6). The complex
terrain also created challenges for mission planning as the drone needed
to follow terrain up and down the steep canyon walls in order to remain
within the effective range of the lidar sensor while avoiding getting too
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Fig. 6. A) Aerial photo of the North Escarpment at Mesa Verde, covered by
extensive pinon-juniper forest. Mesa Verde National Park in background. B)
Characteristic stone architectural remains in the North Escarpment area (Photos
by Jesse Casana).

close to trees. The survey ultimately imaged over 50 ha of the study area,
covering the core of the Knife-edge Ridge Community (Fig. 7).

Results of the survey produced a level of detail unattainable through
pedestrian survey or image-based photogrammetry. A bare earth DTM of
the results reveals more than a dozen large structures, including habi-
tations, public architecture, and public goods (Fig. 7C-D). The most
striking feature in this landscape is the prehistoric reservoir and asso-
ciated canal, around which the community seems to be spatially orga-
nized. While the main canal near the reservoir is visible on the
contemporary ground surface, the full extent of this water management
feature is revealed in the bare earth DTM (Fig. 7C-D). The bare earth
DTM shows that the canal feature extends south/southwest to several
natural drainages originating from the neighboring western ridge,
directly channeling water runoff to the reservoir. Furthermore, there are
2-4 smaller channels visible in the bare earth DTM that connect diag-
onally to the main channel, which are presumably part of a constructed
drainage network to channel additional water runoff into the reservoir
feature. Beyond identifying features on the surface, the bare earth DTM
also enables each structure in the community to be more effectively
mapped than would be easily done on the ground, enabling a straight-
forward comparison of their size and configuration without the hin-
derance of contemporary ground cover (Fig. 8).

3.3. Enfield Shaker Village, New Hampshire

Originally established in 1793, the Enfield Shaker Village grew to be
one of the Shaker religious community’s largest settlements by the mid-
nineteenth century, with more than 300 residents and dozens of build-
ings spread across an area of approximately 10 ha (Stein 1992). How-
ever, like many Shaker communities, the Enfield Shaker Village declined
in size gradually through the late nineteenth and early twentieth cen-
turies and was ultimately abandoned in 1923 when the last residents
moved to nearby Canterbury. After that time, many of the historic
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Fig. 7. Mesa Verde North Escarpment, Colorado: A) drone-derived orthoimage,
B) digital surface model illustrating tree canopy as represented by first return
lidar, C) bare-earth terrain model hillshade revealing numerous house com-
pounds and a large water management system, D) resulting topographic hill-
shade of the Knife-edge Ridge Community.

buildings were sold, dismantled, or razed, but several significant
buildings, including the “Great Stone Dwelling” erected in 1817, were
left standing. Today, the Great Stone Dwelling serves as a museum and
visitor center, and several of the other remaining buildings have been
restored as part of a New Hampshire State Historic Park. A rich collec-
tion of historic maps, photographs, and written records reveals the
location of many buildings that were once located on the site, and an
archaeological excavation project, undertaken as part of a Plymouth
State University field school since 2013, has uncovered portions of
several buildings and a host of Shaker period artifacts (Starbuck 2016).
From 2016 to 2018, our research team undertook a series of experi-
mental surveys at the Enfield Shaker Village using a variety of aerial
drone-based sensors and terrestrial geophysical instruments, doc-
umenting many building foundations and other sub-surface features in
the central area of the settlement (Hill et al. 2020).

Southwest of the central area of Shaker settlement there is a large,
wooded area on an adjacent mountain managed by the state as a Wildlife
Management Area, throughout which traces of outlying building foun-
dations, field walls, and other cultural features are evident-all part of an
extensive outlying community of farms, workshops, and religious sites
(Fig. 9). While historic photographs show that the mountain was largely
deforested and used for farms and pasture in the 19th century, today the
area is covered by dense mixed forest containing typical northern New
England mix of deciduous maple, oak, and wild cherry, alongside
evergreen stands of white pine and spruce.

We conducted a lidar survey at the site, in November 2019, designed
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Fig. 8. Closeup of house compounds of the Knife-edge Ridge Community on the
Mesa Verde North Escarpment.

to maximize potential visibility of archaeological features when the
deciduous trees had lost all leaves. While a seemingly simple survey as it
is nearby our lab headquarters at Dartmouth College, the survey
demonstrated some limitations of our lidar system. First, the cold tem-
peratures (17°F/-7°C) caused the drone batteries to fail repeatedly,
requiring us to warm batteries ahead of time and launch the drone
quickly before their temperature dropped. Even more problematic are
stands of eastern white pine trees within the survey area; these trees
grow to over 60 m in height, making it impractical to survey those areas,
because above 60 m the lidar system would only be able to image a very
narrow swath of the ground. Thus our survey results are limited to the
small area of mixed deciduous forest and open field (Fig. 10). Despite
these challenges, results from the Enfield Shaker Village reveal
numerous archaeological features within forested areas of the site,
including building foundations, canals, and water management features.
A more powerful lidar sensor would enable flights at higher altitudes
and thus offer the ability to map more extensive areas of sites covered by
very tall trees as at Enfield.

3.4. Comparative results

After conducting drone-based lidar surveys at the three sites that are
part of this study, we can offer some insights regarding the performance
of the Velodyne VLP-16 lidar sensor for archaeological applications in
different environmental contexts. Overall, the sensor performs reason-
ably well, enabling us to produce bare-earth DTMs that are substantially
higher resolution than available in most public lidar datasets. In all
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Fig. 9. A) Aerial photo of Enfield Shaker Village forest, Enfield, New Hamp-
shire, covered by mixed deciduous-evergreen forest, B) characteristic stone
walls from fields and architecture obscured by forest (photos by Jesse Casana).

cases, we are able to produce a bare-earth DTM with a ground sample
distance of 20 cm or better, as compared to 1-2 m that is available in
most public lidar datasets. There is, however, some significant vari-
ability in overall point density within individual surveys that derives
from the rotation of the lidar sensor and the way in which missions are
planned, as illustrated in Fig. 11. In this example from Kealakekua Bay,
Hawai’i, point density of the second pulse return varies considerably
across the survey area, with the highest point density immediately
below the sensor, sparse coverage at survey area edges, higher density
where survey transects overlap, and visible density banding due to the
spinning sensor. We also see differences across sites that can be attrib-
uted to environmental contexts. At all three sites that are part of this
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study we employed similar mission planning parameters, flying at 40 m
elevation, 2 m/s ground speed, and a 50% overlap of adjacent transects.
However, after post-processing and classifying results, we produce mean
ground point densities of 39 points/meter at Mesa Verde and 35 points/
meter at Enfield Shaker Village, but only 23 points/meter at Kealakekua
Bay. The dense tree canopy and rich foliage in the tropical forests at
Kealakekua Bay reduced penetration to the ground considerably as
compared with the leaf-off deciduous forest at Enfield Shaker Village or
the more arid pinon-juniper forest at Mesa Verde, signaling some
caution to researchers who plan to undertake surveys in areas with
dense vegetative cover and reminding us of the importance to survey in
leaf-off conditions whenever possible.

0 2550

100 Meters
| B

Fig. 11. Variable lidar point density from a survey at Ka‘awaloa Peninsula,
Kealakekua Bay, Hawai'‘l, resulting from the mechanics of the lidar and mission
planning parameters.

Fig. 10. Results of lidar survey at Enfield Shaker Village: A) orthoimage, B) digital surface model illustrating tree canopy as represented by first return lidar, C) bare-
earth terrain model hill shade revealing field walls and architectural features below forest cover.
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4. Conclusions

This paper demonstrates the possibilities for archaeological discov-
ery and documentation using drone-acquired lidar in forested and
heavily vegetated areas of the world. Results from surveys in tropical
forests of Hawai‘i, pinon-juniper forest in Colorado, and deciduous-
evergreen forest of New Hampshire consistently show the power of
drone-acquired lidar to reveal many archaeological features that have
topographic expression, such as building foundations, field walls, and
roadways, many of which are not visible in other datasets. Moreover, by
enabling us to collect much higher-resolution data than most aircraft-
acquired or public lidar datasets offer, we are also able to map known
archaeological features in greater detail than is otherwise possible.

With these opportunities, currently available technologies remain
quite costly compared to many other field instruments, and are chal-
lenging to deploy in field settings owing to their bulky size, high rate of
battery power consumption, and complex needs for mission planning.
Data processing is also not a straightforward process, requiring several
complex steps and multiple software platforms to move from field data
acquisition to the bare-earth terrain model sought by archaeologists.
However, as we have seen with rapidly developing drone technologies in
other domains, it is likely that drone lidar acquisition will only become
less costly and easier to achieve in the coming years.
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