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Abstract

LiDAR has become fairly integrated into archaeological practice at a global scale. This

has gradually evolved to include UAV LiDAR. Nevertheless, considerable biases

remain, including with regard to geographical regions, chronological periods, feature

types and environments. At present, few studies of coastal environments exist,

despite the fact that LiDAR—and UAV LiDAR in particular—has the obvious advan-

tages of flexibility and time efficiency in such archaeologically rich but logistically

challenging environments. In this paper, we compare the results of UAV LiDAR sur-

veys with records from previous ground surveys in two case studies from coastal

environments on opposite sides of the globe. Case Study I of shell middens located

within approximately 3 km2 around Cambaceres Bay involved the first collection of

LiDAR data from Tierra del Fuego, Argentina. Case Study II covered approximately

3 km2 of the island of Vega, Northern Norway, and is among the pioneering LiDAR

studies of Mesolithic house pits. The detection success rate was fairly good for

Cambaceres—69% of 1240 recorded structures were identified on LiDAR—and above

expected for Vega, with 81% of 51 recorded house pits identified on LiDAR. In Cam-

baceres, the main challenges were dense and low vegetation and identifying small

middens. Possible new identifications of archaeological features were made in both

areas: subtle depressions interpreted as dwelling foundations in Cambaceres and

house pits on Vega. We conclude that UAV LiDAR can contribute to coastal archae-

ology and that it has added values besides making new identifications, being both

flexible and time efficient. An example pertains to the possible identification of a

practice that has not previously been proved archaeologically in Tierra del Fuego—

more thorough site preparation prior to the construction of the dwellings—which in

turn raises new questions.
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1 | INTRODUCTION

This paper is linked to the Norwegian–Argentine research collabora-

tion Marine Ventures, which studies the variety of human–sea rela-

tions based on evidence related to settlement structures, subsistence,

ethnography and mobility risk assessments among marine foragers

from high-latitude seascapes (Bjerck, Breivik, et al., 2016; Bjerck &

Zangrando, 2013). From a comparative perspective, which includes

insights from different academic traditions, this collaboration has

focused on two coastal areas located on opposite sides of the globe:

the Beagle Channel in Tierra del Fuego, Argentina, and the island of

Vega in Northern Norway (Figure 1). In 2022, UAV (unmanned aerial

vehicle) LiDAR campaigns were conducted under the auspices of the

Marine Ventures project in both areas.

LiDAR became commercially available as a way of mapping land-

scapes in the late 1990s. Since being introduced to archaeology just

after the millennium, its use for archaeological purposes has increased

persistently across large parts of the globe. Nonetheless, there are

regions where LiDAR still has not been applied due to reasons such as

expenses, challenging logistics, lack of training or possibilities to utilize

spatial techniques. Tierra del Fuego represented such an example

before this project. The application of LiDAR in archaeology is further

biased in terms of chronology and types of features. In Europe, most

LiDAR projects focus on cultural monuments, features and sites from

the Iron Age and the Middle Ages. In recent years, the focus area has

widened to include LiDAR-based studies of Neolithic and Bronze Age

sites and monuments (e.g., Guyot et al., 2018; Mihu-Pintilie

et al., 2022; Sánchez Díaz et al., 2022; _Zurkiewicz, 2022). The use of

LiDAR to examine Mesolithic settlement structures, like in this study,

is still very rare. The reason may be that one simply does not expect

LiDAR to be the right method for identifying and mapping such fea-

tures. Finally, what kinds of environments LiDAR is applied to is also

biased. For instance, applications in coastal environments like those of

the Beagle Channel and Vega are less common even though the situa-

tion has improved, for example, due to employment of airborne laser

bathymetry in combination with LiDAR (Doneus et al., 2013, 2020).

The Beagle Channel and the southernmost Pacific archipelagos in

South America were inhabited by marine foragers for more than

7000 years. The Fuegians were mobile hunter-fisher-gatherers who

travelled by sea and lived in branch huts close to the water, developing

a marine subsistence strategy based on marine mammals, fish, sea birds

and shellfish (Lothrop, 1928). As refuse accumulated at their settle-

ments, marked shell middens of various shapes and sizes were formed,

resulting from repeated occupations at the same place at scales of

centuries or millennia (Orquera & Piana, 1989–1990; Piana &

Orquera, 2010; Zangrando, 2018). A typical cultural practice in the

Beagle Channel was to deposit refuse around the huts, where the accu-

mulation of shells and other debris through reoccupations over a long

time created sheltering structures. Clusters of such ring-shaped dwelling

remains (some of them counting more than 100) are found along the

F IGURE 1 Map showing the location of the two study areas in their respective hemispheres. The photos illustrate how the coastal landscape
typically appears in these areas. Illustration: Magnar M. Gran. [Colour figure can be viewed at wileyonlinelibrary.com]
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coastline (Figure 2), usually close to the shore. The Fuegian marine for-

agers and their descendants, the Yagan (Figure 3), have been studied

through detailed archaeological excavations and surveys, as well as writ-

ten and photographic sources (e.g., Butto et al., 2018; Fiore et al., 2014,

2021; Orquera et al., 2011; Orquera & Piana, 1999, 2009, 2015;

Zangrando, 2018). However, with a few exceptions (Barcel�o

et al., 2002; Bjerck, Zangrando, et al., 2016), studies about settlement

patterns at a larger landscape scale remain scarce in the region.

In sharp contrast to the prominent shell middens of Tierra del

Fuego, the ‘archaeological visibility’ of the earliest marine foragers in

F IGURE 2 A cluster of ring-shaped shell middens at Binushmuka, Cambaceres Bay. Photo: Ole Risbøl. [Colour figure can be viewed at

wileyonlinelibrary.com]

F IGURE 3 Yagan dwellings. (a) Yagan settlement close to the shore. Photographer: Unknown. (b) A Yagan family resting at the ring-shaped
shell midden around their dwelling hut. Photo: Doze and Payen (1882–1883).
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Norway mostly arises from lithic scatters in subsoil sediments. During

the Mesolithic (c. 11 500–6000 BP), they gradually developed a more

sedentary lifestyle as is recognizable in more substantial cultural

deposits, changes in the lithic distribution pattern and the appearance

of pit houses—the earliest known permanent dwelling structures in

Norway—around 9500 BP1 (Bjerck, 1990, 2008) (Figure 4). Mesolithic

sites are typically shore-bound and due to a post-glacial rebound, they

are usually situated considerably higher than the present shoreline.

This also means that the landscape looked dramatically different in

the past compared with its present appearance, although it has

retained its archipelagic character. The Mesolithic has been examined

thoroughly based on archaeological and environmental data, with

emphasis on settlement patterns and dwellings in coastal areas

(e.g., Bjerck, 2007, 2008; Breivik, 2016; Fretheim, 2017; Fretheim

et al., 2018; Schülke, 2020). However, although the use of LiDAR to

study early Holocene sea level changes and reconstruct paleo-

landscapes is not uncommon, few studies have applied LiDAR for sys-

tematic supra-regional studies of Mesolithic settlement patterns. One

exception is Damm et al. (2021), who used LiDAR as one of their

methodological approaches in searching for Mesolithic house pits (see

also Damm & Skandfer, 2021).

The aim of this paper is to examine how LiDAR from drones (UAV

LiDAR) can contribute to coastal landscape archaeology. Such studies

presuppose knowledge about archaeological features at a large spatial

scale. However, coasts and islands that were favoured in the past can

often be quite inaccessible today. This is true of the archipelagic

coasts in Norway and Tierra del Fuego, where past shorelines tended

to be displaced landward after the first pioneers arrived. In this paper,

we apply case studies from the north coast of the Beagle Channel and

the island of Vega to compare the detection success of UAV LiDAR

with conventional pedestrian field surveys. Our objectives are to

1. quantify and compare the detection success rates of UAV LiDAR

and conventional field survey data in the case study areas and

2. determine and discuss the causes of the detection success rates

for the different categories of archaeological features identified

with UAV LiDAR in the case study areas.

Finally, we briefly discuss the added value of LiDAR to studies of

marine lifestyles, coastal landscapes and settlement patterns.

2 | BACKGROUND

The implementation of remote sensing is of special importance in

regions with extensive littoral areas. Coasts are highly productive

environments, and consequently, the long-term human use has

resulted in the presence of many archaeological features along the

coastlines. However, long distances and rough seas might hamper

fieldwork in such areas, making archaeological survey logistics a huge1All radiocarbon dates are calibrated to calendar years.

F IGURE 4 House pits at Vega. (a) Trond Tøgersen is standing on the wall formation of the house pit at the hunting station Porsmyrdalen
3. (b) One of the 19 house pit house foundations at the residential camp Åsgarden during excavation in 1987. The house is 14C-dated to
9400 BP. The main difference between the two sites is the artefact composition: Hunting stations display higher tool ratios and considerably

lower amounts of lithic waste. Photos: Hein B. Bjerck. [Colour figure can be viewed at wileyonlinelibrary.com]
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challenge, being both risky and time-consuming. Remote sensing

methods, like LiDAR, can ease fieldwork and be used effectively to

collect detailed information about archaeological surface features at a

landscape scale.

The Beagle Channel is extraordinarily apt for remote sensing and

three-dimensional (3D) modelling. Shell middens here are remarkably

visible and there are few modern disturbances in the area. In addition,

the landscape along the Beagle Channel is poorly mapped with only

coarse maps existing (Barcel�o et al., 2002). Although Google Earth has

proved to be a great tool for planning and conducting fieldwork in the

region, it has obvious limitations for detailed landscape studies.

The resolution of the satellite imagery used in Google Earth varies

considerably across the globe, and although it has improved in recent

years, it remains rather low in many places in Tierra del Fuego. Fur-

thermore, given that Google Earth is a passive remote sensing method

based on satellite photographic images, visual access to the ground

below dense vegetation is nearly impossible (Casana et al., 2021). On

the other hand, an active method like LiDAR, with its ability to pene-

trate vegetation, enables one to filter away vegetation and generate

very detailed high-resolution 3D bare-earth terrain models

(Crutchley, 2009). Thus, we employed LiDAR mapping within selected

areas along the Beagle Channel based on the reasoning that LiDAR-

generated 3D digital terrain models (DTMs) would bring about an

excellent basis for studies at a larger spatial scale than what has previ-

ously been possible.

Vega is rather well mapped as both cadastral maps (1:5000) and

aerial orthophotos are available. The island was also airborne laser

scanned as part of the Norwegian national LiDAR mapping campaign

conducted from 2016 to 2022. The national coverage was carried out

with two points per square metre as standard resolution.2 Even

though the data from the national campaign are useable for archaeo-

logical purposes to some extent, they are not optimal. A previous

study has shown that at least five points per square metre are pre-

ferred for mapping archaeology (Bollandsås et al., 2012), while

another study has suggested eight points per square metre as ideal

(Optiz, 2016). With the same justification as for Tierra del Fuego, we

wanted to test out a high-resolution UAV LiDAR mapping of Meso-

lithic settlement structures on Vega.

2.1 | UAV LiDAR

Technological developments in recent years have led to a situation

where UAV-based LiDAR mapping has become a viable alternative for

acquiring high-resolution 3D data. UAV LiDAR fills a gap between

more remote airborne laser scanning (ALS) from a plane or a helicop-

ter on the one hand and terrestrial laser scanning from the ground on

the other (Adamopoulos & Rinaudo, 2020). The latter methods have

been used within archaeology for more than two decades; in particu-

lar, ALS has been established as a preferential way of mapping sites

and landscapes by archaeologists engaged with remote sensing. The

opportunity of deploying UAV LiDAR for archaeological purposes is

quite new, having been first mentioned as a potential application in

2017 (Campana, 2017). It was immediately followed by published

studies in which UAV LiDAR was used to identify cultural features

and monuments in wooded environments in various parts of the

world (Khan et al., 2017; Murtha et al., 2019; Risbøl &

Gustavsen, 2018).

The most important advantages of UAV LiDAR are its flexibility in

terms of use and the possibility it provides of mapping areas with very

high point densities and thus generating DTMs with very high resolu-

tion, enabled by low flight altitude and low flight speed. On the other

hand, limited flight time due to restricted battery capacity and vulner-

ability in terms of weather conditions (especially strong winds) repre-

sent disadvantages, together with cost issues. Even though prices are

decreasing, it is still economically demanding to purchase the equip-

ment: The sensor is particularly expensive.

Although the use of UAV LiDAR in archaeology remains limited

compared with conventional LiDAR, it has been successfully

employed to detect archaeological features under tree canopies in

various environments across the world. This includes building founda-

tions and field systems in Hawaii (Casana et al., 2021; McCoy

et al., 2022), building features from a deserted village in Italy (Masini

et al., 2022), deserted settlements in Spain (Monterroso-Checa

et al., 2021), grave mounds and charcoal production sites in Norway

(Risbøl & Gustavsen, 2018), graves and clearance cairns in Finland

(Roiha et al., 2021), building features and field systems in Mexico

(Schroder et al., 2021), mapping historical conflict landscapes in

Germany (Storch et al., 2022), an ancient walled settlement in Peru

(VanValkenburgh et al., 2020) and mounds and building foundations in

China (Zhou et al., 2020). Most of these projects involved field verifi-

cations of LiDAR identifications or evaluations of previous field sur-

veys by employing LiDAR mapping.

A few projects in which LiDAR was used to investigate shell mid-

dens are particularly relevant for our study. Barbour et al. (2019) used

UAV LiDAR to map shell-ring architecture on the Gulf Coast of

Florida. Conventional LiDAR has been employed to study the spatial

distribution of shell rings in coastal South Carolina (Davis et al., 2019)

and shell-ring building practices throughout the Southeastern

United States (Davis et al., 2020, 2021; Randall, 2014). Emmitt et al.

(2020) recently mapped and studied shell mounds situated at Cape

York Peninsula in Australia. However, as mentioned above, prior to

the project presented in this paper, neither UAV nor conventional

LiDAR had been used as a methodological approach in archaeology in

Tierra del Fuego.

2.2 | Case Study I: Cambaceres Bay (Argentina)

Cambaceres Bay is located on the northern shores of the Beagle

Channel in Argentinean Tierra del Fuego (Figure 5). The area is situ-

ated within a drumlin field, which creates a favourable topographic sit-

uation, with many sheltered and semi-enclosed bays scattered among

2This is the commissioned resolution, but as usual, the actual distribution of ground points

varies throughout the landscape.

RISBØL ET AL. 5

 10990763, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/arp.1918 by N

tnu N
orw

egian U
niversity O

f S, W
iley O

nline L
ibrary on [09/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the drumlin hills and peninsulas. The areas closest to the shore are

generally more sparsely covered by trees than those farther away,

including the drumlin ridges. The oldest raised beaches in the bay date

to about 6700 BP, and in Cambaceres, they are located about 5.5 m

above sea level (a.s.l.) (Zangrando et al., 2016).

The Cambaceres Surveys were carried out between 2009 and

2013 and included a systematic terrestrial survey of shell midden

structures in the Cambaceres Bay area, which was mostly based on

surface observations. It recorded 1251 structures across an area of

about 3.5 km2 (Figure 5). The archaeological structures span from c.

7500 BP to recent times (Bjerck, Zangrando, et al., 2016).

Although different types of shell middens can be identified in the

Beagle Channel based on their surface morphologies (Orquera &

Piana, 1989–1990), two specific categories are mainly recorded in the

archaeological landscape (Barcel�o et al., 2002): ring- and dome-shaped

structures. Later, Bjerck, Zangrando, et al. (2016) named them dwelling

pits (or dwelling structures) and shell midden domes, respectively. For

the sake of simplicity, we adopt the traditional terminology of ring-

and dome-shaped middens in this paper. However, we underscore

that the crucial difference between them pertains to whether the shell

midden can be linked to an adjacent dwelling structure through visible

traces on the surface, even though both categories may be associated

with dwelling sites (see below). These visible traces occur as circular

depressions that typically have a diameter of 3–4 m (Piana &

Orquera, 2010), which are most perceptible in the distinct ring-shaped

shell middens (Figures 3 and 6). According to archaeological and eth-

nographic information (Orquera & Piana, 1989–1990), these struc-

tures result from a deposition practice that creates a footprint of the

dwelling structure (the foundation) in the shape of a depression in

the middle of the midden mound. If not ring-shaped, the midden adja-

cent to the former dwelling structure may also be a semi-enclosed

ring, crescent-shaped or even dome-shaped. Thus, we use ring-shaped

middens as a collective term for the identification of all types of mid-

dens adjacent to dwelling structures. To clarify: in this paper, the term

ring-shaped middens is synonymous with and hereafter replaces the

terms dwelling pit and dwelling structure, as used in the Cambaceres

Surveys report (Bjerck, Zangrando, et al., 2016). In the survey, the

ring-shaped middens were further subdivided into large ring-shaped

middens, associated with midden walls higher than about 0.4 m, and

small ring-shaped middens, associated with midden walls lower than

about 0.4 m.

We employ the synonymous terms dome and dome-shaped mid-

den exactly as in the report (Bjerck, Zangrando, et al., 2016), reserving

these for isolated shell midden structures that have no visible traces

from an adjacent dwelling structure. Although archaeological excava-

tions have proved that dwelling spaces can also be located next to

domes (Zangrando et al., 2014), multiple activities have been recorded

in association with dome sites (e.g., Álvarez et al., 2013; Piana &

Canale, 1993–1994; Zangrando et al., 2014). As the name indicates,

domes are shell middens that usually have the shape of a mound

F IGURE 5 The shell midden features mapped during the Cambaceres Surveys on the northern coast of the Beagle Channel (based on Bjerck,
Zangrando, et al., 2016). Illustration: Magnar M. Gran. [Colour figure can be viewed at wileyonlinelibrary.com]

6 RISBØL ET AL.

 10990763, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/arp.1918 by N

tnu N
orw

egian U
niversity O

f S, W
iley O

nline L
ibrary on [09/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


(Figure 7), although some of them can be very small and contain

merely a thin layer of midden material (Bjerck, Zangrando, et al., 2016,

p. 33). The dome-shaped middens were subdivided into four categories

according to volume estimates: very large domes (>5.2 m3), large domes

(2.6–5.2 m3), medium domes (0.5–2.6 m3) and small domes (<0.5 m3).3

Among the archaeological structures that were recorded during the

Cambaceres Surveys, 804 structures were interpreted as ring-shaped

middens, while 432 were interpreted as domes. The other two types of

visible structures were Casa Grande, an extremely large shell midden

with a diameter of 15 m and walls with a stratigraphic sequence of

more than 1.5 m (Bjerck et al., 2019), and three possible canoe runways.

The latter most likely relate to the chiefly post-1880 heavier dugout

canoe as opposed to the traditional bark canoe. All in all, the Camba-

ceres Surveys permitted a comprehensive understanding of settlement

structures and the locations of settlements in the landscape.

2.3 | Case Study II: Vega (Norway)

Vega is an island and archipelago situated some 15 km off the Nord-

land County mainland in Northern Norway, about 100 km south of

the Arctic Circle (Figure 8). The main island is dominated by its

western-facing mountain, peaking at 800 m a.s.l., while most of the

lowlands behind the island's rocky coastline with its many sheltered

bays consist of cultivated land interspersed among exposed abraded

bedrock ridges. Due to the post-glacial rebound and the considerable

shoreline displacement on Vega, the earliest shore-bound archaeologi-

cal sites (c. 10 000 BP) are located on raised beaches at about 80 m a.

s.l. (Bjerck, 1990), just below the marine limit at 96 m a.s.l. At that

time, the main island of the archipelago was much smaller. Apart from

the planted spruce in parts of the island, tall vegetation is quite sparse

in the rough coastal environment on Vega.

Vega was partly surveyed in 1985–1987 within the approximated

elevation intervals 60–70, 50–60 and 25–35 m, whose raised shore-

lines at the interval minimums date to c. 8–9000, c. 7–8000 and c. 4–

5000 BP, respectively (Bjerck, 1989). The survey had a strategic focus

on the relationship between settlement location and landscape, and

factors such as sheltered harbours came to play a significant role in

succeeding studies. Test-pitting was the preferred field method, as

most lithic remains from the Mesolithic are found in subsoil deposits

between bedrock ridges. However, during the surveys, a total of

45 house pits visible above ground were recorded within the areas

covered by this case study, a number that subsequently has increased

to 51 (Figure 8). Eleven of these are uncertain because they have not

been verified in the field. House pits are often visible on the surface

as rather shallow rounded depressions enclosed or semi-enclosed by a

low wall mound (Figure 4). They are quite uniform in size, typically

measuring 3–4 m in diameter (Bjerck, 1989).

3 | METHODS

Five areas of approximately 15 km2 in total were scanned on the Bea-

gle Channel coast, while four areas of about 4 km2 in total were

3Volumes of deposits above the surface, calculated from a semi-ellipsoid formula based on

field estimates of length, width and height. Note that the report applies the prism formula as

a simplification, because it does not affect relative figures (Bjerck, Zangrando, et al., 2016,

p. 28). The difference between prism and semi-ellipsoid is a constant of �0.524.

F IGURE 6 A ring-shaped shell midden in Harberton, arranged around a former dwelling. Lime-loving white clovers indicate buried shell
refuse. Photo: Hein B. Bjerck. [Colour figure can be viewed at wileyonlinelibrary.com]

RISBØL ET AL. 7

 10990763, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/arp.1918 by N

tnu N
orw

egian U
niversity O

f S, W
iley O

nline L
ibrary on [09/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


scanned on Vega. For this paper, we have selected two areas of about

3 km2: one with two bays in Cambaceres in the Beagle Channel

(Figure 9) and another on Vega that encompassed the three locations

Åsgarden–Porsmyrdalen, Floaskaret–Skavdalen and Middagskarheia–

Hammaren (Figure 10). Given that the ground survey at Vega was con-

fined to mentioned elevation intervals, it only encompassed about

1 km2 within the areas covered by the UAV survey. Nevertheless, we

decided to include the entire UAV-surveyed area in the study because

some of the known house pits were located outside the elevation inter-

vals. However, the discrepancies in survey intensity were respected

when we compared the two areas (as reflected in Sections 4 and 5).

3.1 | Data collection and processing

We collected the LiDAR data with a Riegl miniVUX-3 UAV LiDAR sen-

sor mounted on a DJI Matrice 600 Pro drone (hexacopter) (Figure 11).

Flight data were recorded with an onboard Applanix APX-20 UAV

GNSS/IMU unit and combined with a Carlton BRx7 base station.

GNSS corrections from base station data were added in post-

processing, using Applanix POSPac software. Control points were not

used. This allowed us to generate high-resolution DTMs with substan-

tially higher point densities compared with conventional airborne

LiDAR. Furthermore, UAV LiDAR provided advantageous logistical

flexibility in rugged coastal landscapes like the ones studied here.

Table 1 displays the metadata from Cambaceres and Vega. As

both weather (wind and rain) and logistics were likely to affect flight

time, we applied settings that would maximize area coverage without

significant data loss in Cambaceres. Hence, flight altitude and speed

were higher than on Vega, while the (boustrophedon) line pattern was

prioritized over the double grid pattern in both survey areas for

increased coverage.

Both campaigns were carried out during autumn in the respective

hemispheres but with different situations regarding vegetation. In

F IGURE 7 Examples of dome-shaped middens from the Beagle Channel. (a) A very large dome on the right side situated in an area with
several smaller domes, which are hard to spot in among the low bushes and high grass growing on the drumlin ridge, Central Peninsula,
Cambaceres. Photo: Jo Sindre P. Eidshaug. (b) Profile view from excavation of Heshkaia 35 at Moat, east of Cambaceres. Photo: Atilio Francisco
J. Zangrando. [Colour figure can be viewed at wileyonlinelibrary.com]
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Tierra del Fuego, where the predominant species is Nothofagus, of

which N. pumilio is deciduous and N. betuloides is evergreen, the scan-

ning was carried out before proper defoliation. On Vega, the decidu-

ous trees (mostly Betula) had lost almost all their leaves by the time

the scanning took place. Nonetheless, there were challenges in terms

of planted conifers on Vega.

The LiDAR raw data were processed in POSPac (Applanix) and

RiPROCESS (Riegl). Riegl filtering algorithms were used to classify

point clouds into vegetation points and ground points, enabling us to

create DTMs devoid of vegetation as a well-suited basis for our inter-

pretations. Classified point clouds were exported in LAS format

(Version 1.4) and used for generating DTMs with a raster resolution

of 0.1 m in ArcGIS.

Relief visualization techniques were applied to enhance the visi-

bility of the archaeological feature types that were known from the

case study areas (Figures 12 and 13). Such techniques are developed

to increase the visibility of subtle convex and concave features. Local

relief models (LRMs) based on Hesse (2010), as well as slope and ana-

lytical hill-shading models, were created from the DTMs using ArcGIS.

We used the Relief Visualization Toolbox (RVT) Version 2.2.1

(Kokalj & Somrak, 2019; Zakšek et al., 2011) to generate models

based on sky-view factor (SVF), negative openness and local domi-

nance (LD). LRMs are highly biased towards small-scale features, while

retaining more information about relative elevation compared with

simpler difference models (Hesse, 2010). Visualization methods based

on diffuse relief illumination estimated from the proportion of visible

sky (SVF) or the mean horizon elevation angle (negative openness)

provide detailed information about the relief and are highly useful for

detecting small-scale features (Yokoyama et al., 2002; Zakšek

et al., 2011). LD shows the degree of dominance of each pixel upon

its immediate surroundings and is most apt for visualizing subtle con-

vex features (Hesse, 2016).

3.2 | Interpretation, field verification and
comparative analysis

The resulting raster files served as the basic data for visual interpreta-

tions of the DTMs using ArcGIS, often displayed as blends and sup-

plied by 3D analysis in the LiDAR exploitation software Quick Terrain

Modeler (QTM). All anomalies that were interpreted as possible

archaeological remains were collected in a database (shapefiles and

Excel datasheets). They were ranked in accordance with estimated

interpretation confidence ranging from 1 to 4 (1—low, 2—below

medium, 3—above medium, 4—high).

To supplement our field-verified data from previous field surveys,

a selection of 26 LiDAR-identified anomalies from Cambaceres were

subjected to field verification after the interpretation of the LiDAR

data. They were checked in the field in 2023 based on visual inspec-

tion and test-pitting.

F IGURE 8 The house pits located within the case study areas on Vega. Illustration: Magnar M. Gran. [Colour figure can be viewed at
wileyonlinelibrary.com]

RISBØL ET AL. 9
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It was not possible to compare the two data sets feature to fea-

ture due to the relatively low precision of the positioning from the

previous field surveys, which was based on the use of a standard

handheld global positioning system (GPS) (Cambaceres) or pre-digital

paper maps (Vega). The only exception was 21 house pits on Vega

that were mapped with centimetre precision using the CPOS GNSS

correction service provided by the Norwegian Mapping Authority.

The remaining structures from Vega were georeferenced from field

drawings published in Bjerck (1989). For the Cambaceres Survey, the

GPS accuracy was reported to vary between ±3–5 m in open areas

and ±15–20 m in wooded areas (Bjerck, Zangrando, et al., 2016,

p. 25).

Thus, to compare the data sets, we applied the ArcGIS tool Spatial

Join to count feature and feature by type frequencies within clusters

based on dissolved buffer polygons with distances set to 20 m from

the source (for features with CPOS precision, the distance was set to

2 m). The LiDAR anomalies and the field survey records were used

respectively as the sources for two different sets of clusters, thus per-

mitting two-way comparison of matches between the LiDAR and field

survey records. Significantly, the comparisons were carried out both

with and without respect to feature type (ring- or dome-shaped) in

Cambaceres due to the uncertainties involved in archaeological inter-

pretations. To determine the success rate of the LiDAR and field sur-

veys in terms of feature type and location in Cambaceres, we also

compared the 15 largest clusters that were generated from a merge

of the two other cluster sets.

We decided that the optimal search radius for possible matches

between the two data sets should be 20 m based on a comparison of

success rates with 5-, 10- and 20-m search radiuses within the 15 clus-

ters in Cambaceres (Figure 14). Each cluster was attributed to one cat-

egory according to vegetational openness (from open to wooded) and

one category according to dominant feature type (dome- or ring-

shaped). For each category, we summed up the increase in the success

rate resulting from extending the search radius by one level. By divid-

ing this sum by the total number of features belonging to that cate-

gory, we could determine the extent to which openness and feature

type were affected by increasing the search radius (Table 5). Although

the difference between the 10- and 20-m search radiuses was mar-

ginal, a failure to consider GPS accuracy could result in the false con-

clusion that a significant number of previously unknown dome-shaped

middens in wooded areas only were identified on LiDAR (Figure 14).

Although the 20-m search radius yielded a better match between

F IGURE 9 LiDAR survey area in Cambaceres, with LiDAR identifications drawn on top of the features recorded in the previous ground
survey within the eight sub-areas included in the case study. Illustration: Magnar M. Gran. [Colour figure can be viewed at wileyonlinelibrary.com]

10 RISBØL ET AL.
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LiDAR and the ground survey, it should be noted that it included some

false matches in the count due to diverging distribution patterns

between the LiDAR anomalies and the field data. However, compared

with possible fallacies embedded in applying a 10-m search radius, the

20-m search radius did not affect the general trend significantly (see

Section 4 and Table 5).

4 | RESULTS

4.1 | Cambaceres

Cambaceres Bay was divided into eight sub-areas during the ground

survey (Bjerck, Zangrando, et al., 2016, p. 22) and our area-based

LiDAR analysis followed the same sub-division (Figure 9). Within the

3-km2 study area, a total of 1110 anomalies were identified on the

LiDAR-generated models (Table 2), a somewhat smaller number than

the 1240 features mapped during the ground survey (Table 3). A total

of 253 (23%) of the LiDAR anomalies had no ground survey matches

within a 20-m search radius, and vice versa, 382 (31%) of the ground-

surveyed features were not among the LiDAR identifications.

As mentioned above, the LiDAR interpretations were divided into

four groups based on level of confidence. Fifty-nine per cent of the

interpretations fell into the high confidence groups 3 or 4. Thirteen

per cent (n = 84) of these did not match any of the field-surveyed fea-

tures. Six of the 26 anomalies identified as ring-shaped middens on

LiDAR were verified as such (Table 4). Five of these six anomalies had

been tagged with low confidence (1–2) and the last one as above

medium (3). None of the 26 features belonged to the group with high

confidence (4). In addition, three anomalies that were classified as

likely (3) were among the disproved ones.

The results presented in Table 3 show that the number of LiDAR

omissions varied from 14 (6%) on the Outer Peninsula to 86 (49%) in

the Interior Southeast, with an average of 48 features in the eight

areas. The detection success was substantially higher for ring-shaped

than for dome-shaped middens. For the former, the total success rate

was 83%, varying from 55% to 99% between the sub-areas. For

domes, the total success rate varied from 8% to 59% between the

sub-areas, with an average rate of 35%. There was also a clear ten-

dency for large features to be more successfully identified compared

with smaller ones. All three possible canoe runways found during the

fieldwork were identified on the LiDAR images.

Table 2 shows that 253 of the LiDAR identifications were not

among the ones found on the ground survey, which is equivalent to

23%. The bulk of the omissions were ring-shaped middens, adding up

to 241 when only matches within the same feature category were

counted, while 49 of the LiDAR-identified domes had no match within

a 20-m search radius.

The analysis of 15 large clusters of features resulted in 868 field-

surveyed features and 817 LiDAR identifications (Figure 15). There

were slightly more field-surveyed features compared with LiDAR

identifications in nine cases (Clusters 5, 17, 20, 22, 38, 40, 41, 42 and

43). The balance shows 103 more ring-shaped middens among the

LiDAR identifications and 154 more dome-shaped middens in the field

F IGURE 10 LiDAR survey area included in the case study from Vega, with LiDAR identifications drawn on top of the features recorded in
the previous ground survey. Illustration: Magnar M. Gran. [Colour figure can be viewed at wileyonlinelibrary.com]
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survey record, amounting to 51 more features identified in the field.

The matches between the LiDAR and field features were quantified for

each cluster in three operations with 5-, 10- and 20-m search radiuses,

respectively (Table 5). In the first case, 307 features did not match

(38%), in the second case 176 (22%) and in the third case 158, which is

equivalent to 19%. Table 5 also shows that the number of matches

increased most in wooded areas and for domes when the search radius

was increased. Expanding the search radius from 10 to 20 m had a

lower impact on the results than expanding it from 5 to 10 m. The only

category that was still quite significantly affected by an increase from

10 to 20 m was the number of matches in wooded areas.

4.2 | Vega

Three areas were studied on Vega: Åsgarden–Porsmyrdalen,

Floaskaret–Skavdalen and Middagskarheia–Hammaren (Figure 10).

The number of field-surveyed house pits was 51, of which 40 were

field-verified. Eleven (22%) of the 51 house pits were not identified

on the LiDAR-generated models (Table 6). Considering only verified

features, the number of LiDAR-identified house pit omissions dropped

to five, which is equivalent to 13%. Overall, there was not much varia-

tion between the areas in terms of detection success.

F IGURE 11 We used a Riegl miniVUX-3 UAV LiDAR sensor mounted on a DJI Matrice 600 Pro drone, here in action in Tierra del Fuego.
Photo: Ole Risbøl. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 LiDAR parameters applied in Cambaceres and Vega.

Description Cambaceres Vega

Campaign dates 21–30 March

2022

24–26 October

2022

Study area 3 km2 3 km2

Point spacing 0.10 m 0.08 m

Point density 105 ppm2 150 ppm2

Ground point density 66 ppm2 125 ppm2

Flight altitude (above

ground level)

107 m 80 m

Flight speed 10 m/s 8 m/s

Side overlap 50% 50%

Scan rate (lines per second) 59.2 56.4

Lat. strip separation 107 m 80 m

Pulse rate 300 kHz 300 kHz

12 RISBØL ET AL.
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F IGURE 12 Example I of visualization techniques applied in ArcGIS during the study. (a) Digital elevation model with shaded relief.
(b) Hillshade. (c) Local relief model with hillshade from local relief model overlay (70% transparency). (d) Sky-view factor with hillshade overlay
(70% transparency). From the Åsgarden site, Vega. Illustration: Kristoffer R. Rantala. [Colour figure can be viewed at wileyonlinelibrary.com]

RISBØL ET AL. 13
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F IGURE 13 Example II of visualization techniques applied during the study. (a) Quick Terrain Modeler. (b) Negative openness, ArcGIS.
(c) Local dominance with slope overlay (70% transparency), ArcGIS. (d) Blend with local relief model as base, 50% sky-view factor, 30% hillshade
and 30% slope. From the Wikirrh site on the Outer Peninsula, Cambaceres. Illustration: Kristoffer R. Rantala. [Colour figure can be viewed at
wileyonlinelibrary.com]

14 RISBØL ET AL.
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A total of 58 anomalies interpreted as house pits were identified

by LiDAR (Table 7). Eighteen of these were not previously scheduled,

a number that falls to three if high confidence is emphasized. Within

the ground survey elevation intervals, 36 anomalies interpreted as

house pits were identified, of which 5 had no field match within a

20-m buffer radius. Most of the new possible identifications were

located within Floaskaret–Skavdalen (n = 10) and Åsgarden–

Porsmyrdalen (n = 7).

5 | DISCUSSION

The grand total success rates of 69% at Cambaceres and 78% on Vega

are as expected inasmuch as similar results have been obtained in

other studies scrutinizing detection success. In one study, 78% of fea-

tures related to copper mining activities were identified (Gallagher &

Josephs, 2008), while in two other cases from forested areas, the

detection rates were reported to be 71% (Risbøl, 2010) and 61%

(Bollandsås et al., 2012). Obviously, one must be cautious of making

direct comparisons between studies because such results are affected

by a range of factors, including topography, type and size of

structures, vegetation, data resolution and more. Nevertheless, the

results seem to indicate an overall detection success rate of 60%–

80%.

The comparative analyses from both case studies also show that

a high number of LiDAR anomalies had no field match within a 20-m

search radius. Provided that we accept the criteria for the search

radius (refer to Section 3), there are only two ways of interpreting

such findings: as false positives or as new identifications. As we have

thorough field-verified data from both Cambaceres and Vega, it is rea-

sonable to think that most of the LiDAR anomalies without a field

match are false positives. However, given that the ground surveys

were carried out before the LiDAR surveys, the answer is not so

straightforward. Indeed, as we argue below, there is reason to believe

that we have identified previously unknown features in both case

study areas.

The results from the Cambaceres Bay case study suggest that a

significant number of new ring-shaped middens were identified by the

LiDAR survey, although the number is substantially lower than that

indicated by Table 2. We only had the opportunity to check a limited

number of possible ring-shaped identifications after the interpretation

of the LiDAR data, and the field verifications suggest that more than

F IGURE 14 The relatively low precision of the GPS data from the ground survey in Cambaceres made feature-to-feature comparison
difficult. On the figure example, the lines only connect possible matches between LiDAR anomalies and recorded features of the same category,
within a 20-m search radius (buffer) from the origin feature. The distance between possible matches is significantly increased in wooded areas,
showing that a 20-m search radius is necessary for identifying matches in such areas. Illustration: Magnar M. Gran. [Colour figure can be viewed
at wileyonlinelibrary.com]
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three out of four anomalies are false positives. However, despite

disproving anomalies interpreted as ring-shaped middens with a rela-

tively high confidence, the field check also verified anomalies with

low confidence as ring-shaped middens. If the remaining anomalies

fall within the same pattern as the controlled data, it implies that more

than 50 previously unknown ring-shaped middens were identified by

the LiDAR survey.4 These new LiDAR-identified ring-shaped features

are primarily located within or close to the known main clusters, and

most of them are very subtle circular depressions that can be hard to

spot with the bare eye on the ground. Conversely, the LiDAR omis-

sions of ring-shaped features from the ground survey record are

mostly small ones located outside the main clusters, higher up and far-

ther away from the shore, in more densely vegetated areas.

In general, larger features are easier to identify than smaller ones

when LiDAR models are interpreted (Risbøl et al., 2013). Neverthe-

less, such a statement is an oversimplification. Not only does size mat-

ter: Shape is also decisive for identification. Small features with a

distinct geometric shape are easier to identify in a LiDAR data set

than larger features without such characteristics (Emmitt et al., 2020;

Risbøl et al., 2013; Roiha et al., 2021). Accordingly, small, subtle and

hardly visible features ignored during fieldwork are often identifiable

when observed from above on a LiDAR-generated model (Barbour

et al., 2019; Casana et al., 2021; Davis et al., 2019). The relatively high

success rate in terms of identifying subtle ring-shaped middens in

Cambaceres is in accordance with this pattern.4(6/26) � 241 = 55.6.

TABLE 2 The number of LiDAR anomalies identified in each sub-area in total and only those with a high level of confidence, as well as how
many of them were not recorded during the Cambaceres ground survey (No field match), in quantity and percentage. The columns labelled ‘Total’
show the quantity/percentage of matches between LiDAR anomalies and recorded features without taking feature category into account. The
other columns only show the quantity/percentage of matches within the individual feature categories (ring-shaped middens, domes etc.).

Area Description

All included High confidence (3–4)

Total
TotBy
FeatTy RS Do CaRu Spec Total

TotBy
FeatTy RS Do CaRu Spec

Varela Peninsula LiDAR anomalies 142 142 135 7 83 83 83

No field match 73 79 74 5 19 23 23

No field match (%) 51 56 55 57 23 28

Interior Binushmuka LiDAR anomalies 182 182 106 73 3 70 70 67 3

No field match 11 11 10 1 0 0 0 0 0

No field match (%) 6 6 9 1 0 0 0 0 0

Interior Imiwaia LiDAR anomalies 135 135 101 33 1 81 81 67 13 1

No field match 21 33 13 20 0 16 16 8 8 0

No field match (%) 16 24 13 61 0 20 20 12 62 0

Central Peninsula LiDAR anomalies 104 104 93 11 70 70 70

No field match 23 25 24 1 3 4 4

No field match (%) 22 24 26 9 4 6 6

Outer Peninsula LiDAR anomalies 345 345 331 14 273 273 267 6

No field match 105 105 98 7 40 41 41 0

No field match (%) 30 30 30 50 15 15 15 0

Interior North LiDAR anomalies 45 45 33 12 14 14 13 1

No field match 2 9 2 7 0 1 0 1

No field match (%) 4 20 6 58 0 7 0 100

Interior Southeast LiDAR anomalies 97 97 63 34 39 39 39

No field match 7 7 2 5 1 1 1

No field match (%) 7 7 3 15 3 3 3

Exterior Southeast LiDAR anomalies 60 60 43 17 24 24 22 2

No field match 11 22 18 4 5 5 3 2

No field match (%) 18 37 42 24 21 21 14 100

Grand total LiDAR anomalies 1110 1110 905 201 3 1 654 654 628 25 0 1

No field match 253 290 241 49 0 0 84 91 80 11 0 0

No field match (%) 23 26 27 24 0 0 13 14 13 44 0 0

Abbreviations: CaRu, canoe runway; Do, dome; RS, ring-shaped; Spec, special feature (Casa Grande); TotBy FeatTy, total by feature type.

16 RISBØL ET AL.
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The detection success was considerably lower for dome-shaped

than for ring-shaped middens. Although it is slightly better for very

large domes than for the other categories, the largest omitted

dome-shaped structure measured 20 m � 10 m � 0.3 m (labelled

hb637, in Bjerck, Zangrando, et al., 2016, appendix 1.1). In addition

to its low height, it was reported to be heavily disturbed by cattle

hooves. The 19 very large domes that were missed can be explained

either by poor data (incomplete coverage and/or alignment), faulty

vegetation filtering, location in rugged terrain, modern or natural

disturbance (road, cattle and erosion), irregular shape and/or low

height. On the other hand, it seems contradictory that small domes

were identified at all by the LiDAR survey, particularly because they

have been described as ‘merely a patch of midden material on the

ground (…) and not actual “dome” formations’ (Bjerck, Zangrando,

et al., 2016, p. 33).

The main reason for the significantly less successful results

regarding domes appears to be that they are more frequently situated

in areas with more vegetation and therefore less optimal conditions

TABLE 3 The number of features recorded in the Cambaceres Surveys, how many of them were not among the LiDAR identifications (LiDAR
omissions) and a calculated success rate for the LiDAR survey based on these numbers. The first column, labelled ‘Total’, shows the quantity/
percentage of matches between recorded features and LiDAR anomalies without taking feature category into account. The other columns only
show the quantity/percentage of matches within the individual feature categories (ring-shaped middens, domes etc.).

Area Description Total TotBy FeatTy

Ring-shaped Dome Other

Total L S Total XL L M S CaRu Spec

Varela Peninsula Ground survey 99 99 63 52 11 36 1 4 16 15

LiDAR omissions 30 36 3 0 3 33 1 4 14 14

Success rate (%) 70 64 95 8

Interior Binushmuka Ground survey 245 245 124 39 85 118 1 4 31 82 3

LiDAR omissions 71 71 23 5 18 48 0 2 14 32 0

Success rate (%) 71 71 81 59 100

Interior Imiwaia Ground survey 160 160 130 70 60 29 1 5 16 7 1

LiDAR omissions 47 54 41 19 22 13 1 3 5 4 0

Success rate (%) 71 66 68 55 100

Central Peninsula Ground survey 140 140 81 64 17 59 9 13 22 15

LiDAR omissions 59 60 11 3 8 49 6 9 20 14

Success rate (%) 58 57 86 17

Outer Peninsula Ground survey 254 254 236 210 26 18 7 11

LiDAR omissions 14 14 3 0 3 11 0 11

Success rate (%) 94 94 99 39

Interior North Ground survey 74 74 56 31 25 18 4 4 8 2

LiDAR omissions 31 36 25 6 19 11 3 2 4 2

Success rate (%) 58 51 55 39

Interior Southeast Ground survey 174 174 86 33 53 88 10 12 47 19

LiDAR omissions 86 86 25 3 22 61 4 9 33 15

Success rate (%) 51 51 71 31

Exterior Southeast Ground survey 94 94 28 19 9 66 8 5 29 24

LiDAR omissions 44 55 2 1 1 53 4 2 23 24

Success rate (%) 53 41 93 20

Grand total Ground survey 1240 1240 804 518 286 432 34 47 176 175 3 1

LiDAR omissions 382 412 133 37 93 279 19 31 113 116 0 0

Success rate (%) 69 67 83 93 67 35 44 34 36 34 100 100

Abbreviations: CaRu, canoe runway; L, large; M, medium; S, small; Spec, special feature (Casa Grande); TotBy FeatTy, total by feature type; XL, very large.

TABLE 4 Results from the field verification of a small selection of
LiDAR anomalies identified as ring-shaped middens (sorted by
confidence). None of these were recorded during the previous ground
survey (the Cambaceres Surveys).

Confidence Positive Negative Total

1 Low 3 7 10

2 Below medium 2 10 12

3 Above medium 1 3 3

4 High 0 0 0

Total 6 20 26
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for LiDAR mapping compared with open areas closer to the shoreline

(see Table 5 and Figure 15). That a dense canopy and/or low vegeta-

tion prevent laser light from reaching the ground is a well-known chal-

lenge within archaeological LiDAR use (Doneus et al., 2022). Even

though one of the greatest advantages of LiDAR is its ability to pene-

trate vegetation, very dense vegetation remains a limiting factor.

Another explanation for the disparity between the success rates

between dome- and ring-shaped features is that it generally seems

harder to identify small convex features (like domes and other

mounds) than small and subtle concave features (like pits and depres-

sions). This may be related to how the filtering algorithms work: They

are set to identify and filter away vegetation above the ground sur-

face without always managing to differentiate between what are and

what are not human-made features (Masini et al., 2022). In practice,

there are also many more viable explanations for whatever is heaped

on the surface compared with what has cut through it.

In that respect, it should also be underscored that distinguishing

between dome- and ring-shaped middens can be a matter of interpre-

tation, depending on whether one recognizes a minor depression next

to a dome-shaped midden as an archaeological trace of a dwelling

foundation. If one's answer is ‘no’, the midden is interpreted as a

dome; if ‘yes’, it may just as well be categorized as a ring-shaped mid-

den. As argued above, subtle depressions may also be easier to recog-

nize when applying powerful visualization techniques on LiDAR

images than in the field.

On Vega, the results indicate that LiDAR was quite successful in

detecting pit features, to be more precise, Mesolithic house pits. The

survey might have identified as many as 18 new house pits (mostly

outside the areas covered by the ground survey), even though they

are situated in rather rugged terrain and do not necessarily appear as

house pits when observed from the ground. Ironically, the main rea-

son why we should be optimistic about our results is that 13 of the

new identifications are located in the more randomly surveyed terrain

outside the targeted elevation intervals of the intensive ground survey

(cf. Bjerck, 1989) (Figure 16). Nevertheless, it should be underscored

that the LiDAR data were not easy to interpret and before they are

proved in the field, there is a risk that many of the anomalies are false

positives.

The encouraging results from Vega seem to support the experi-

ences gained from the Stone Age Demographics project, where LiDAR

was used to identify Mesolithic house pits in coastal landscapes in the

far north of Norway (Damm et al., 2021; Damm & Skandfer, 2021).

One major challenge with applying LiDAR to study the Mesolithic is

that most archaeological traces are not visible above ground. Not

even pit houses are all visible on the surface due to post-occupational

processes, such as peat accumulation (Åstveit et al., 2008;

Fretheim, 2019). Thus, it is easy to understand why LiDAR has mainly

been employed for palaeo-landscape modelling in Mesolithic studies.

However, pit houses represent an important marker and step towards

a more sedentary lifestyle (Bjerck, 1990), and although the rapid

F IGURE 15 Comparison of LiDAR identifications of ring- and dome-shaped middens with the ground survey record from 15 clusters in
Cambaceres. The clusters were generated from dissolved buffer polygons using point features from both LiDAR anomalies and recorded features
as the origin for creating the 20-m buffer polygons. The 15 largest polygons were compared. Illustration: Magnar M. Gran. [Colour figure can be
viewed at wileyonlinelibrary.com]
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TABLE 5 Results from comparison of LiDAR identifications and the ground survey record from 15 clusters in Cambaceres, including the main
characteristics of the clusters based on feature and landscape type. The table shows how many of the LiDAR anomalies had no match of the
same feature type within 5-, 10- and 20-m search radiuses, respectively. It also shows that the number of matches increased significantly for
domes and wooded areas particularly when the search radius was increased from 10 to 20 m, justifying the use of 20 m as the search radius.

Cluster Feature types Landscape LiDAR identifications No match 5 m No match 10 m No match 20 m

5 Domes mostly Open 60 21 0 0

16 Ring-shaped Open 42 14 8 6

17 Domes Wooded 5 0 0 0

20 Both Open 12 8 4 0

22 Domes mostly Mostly wooded 31 13 2 0

33 Ring-shaped Open 65 46 38 38

34 Ring-shaped Open 197 44 38 38

36 Ring-shaped Open 47 34 26 26

37 Ring-shaped Open 65 36 28 28

38 Domes mostly Wooded 5 1 0 0

40 Domes mostly Sparsely wooded 13 8 3 0

41 Domes mostly Open 13 2 0 0

42 Domes mostly Wooded 6 5 3 0

43 Ring-shaped mostly Open/sparsely wooded 206 51 4 0

44 Ring-shaped mostly Open 50 24 22 22

Total 817 307 176 158

Percentage 100 38 22 19

Match increase from search radius expansion

Category Clusters 5 to >10 m 10 to >20 m

Wooded 17, 22, 38, 40 and 42 32% 13%

Open 5, 16, 20, 33, 34, 36, 37, 41 and 42 12% 1%

Ratio wooded—Open 2.7 12.2

Domes 5, 17, 22, 38, 40, 41 and 42 32% 6%

Ring-shaped 16, 33, 34, 36, 37, 43 and 44 13% 1%

Ratio domes—Ring-shaped 2.5 6.7

TABLE 6 The number of recorded features within the three study areas on Vega, the numbers that were not among the LiDAR identifications
(‘LiDAR omissions’) and a calculated success rate for the LiDAR survey based on these numbers. While the comparison in the ‘Total’ column is
based on all recorded features, the ‘Verified features’ column counts omissions and calculates the success rate based on verified features only.

Area Description Total Verified features

Åsgarden–Porsmyrdalen Ground survey 36 29

LiDAR omissions 7 3

Success rate (%) 81 90

Floaskaret–Skavdalen Ground survey 10 7

LiDAR omissions 2 1

Success rate (%) 80 86

Middagskarheia–Hammaren Ground survey 5 4

LiDAR omissions 2 1

Success rate (%) 60 75

Grand total Ground survey 51 40

LiDAR omissions 11 5

Success rate (%) 78 88
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F IGURE 16 LiDAR identifications on Vega based on elevation. LiDAR anomalies with no field match are mostly located outside the elevation
intervals that were intensively surveyed by Bjerck (1989). Illustration: Jo Sindre P. Eidshaug. [Colour figure can be viewed at wileyonlinelibrary.
com]

TABLE 7 The number of LiDAR anomalies identified in each of the three study areas on Vega in total and only those with a high level of
confidence, as well as how many of them were not recorded during the previous ground survey (‘No field match’), in quantity and percentage.
The columns under ‘Ground Surv area’ apply the elevation intervals for the ground survey as the basis for the comparison. The columns under
‘LiDAR Surv area’ apply the limits of the LiDAR survey as the basis for the comparison and, consequently, the included areas that were randomly
surveyed in the comparison. In the ‘LiDAR Surv area’ columns, it is the number of LiDAR identifications that is most interesting, and not the
number of matches.

Area Description

Ground Surv area LiDAR Surv area

Total HiConf (3–4) Total HiConf (3–4)

Åsgarden–Porsmyrdalen LiDAR anomalies 28 15 36 20

No field match 2 0 7 3

No field match (%) 7 0 19 15

Floaskaret–Skavdalen LiDAR anomalies 7 2 18 3

No field match 3 1 10 0

No field match (%) 43 50 56 0

Middagskarheia–Hammaren LiDAR anomalies 1 1 4 1

No field match 0 0 1 0

No field match (%) 0 0 25 0

Grand total LiDAR anomalies 36 18 58 24

No field match 5 1 18 3

No field match (%) 14 6 31 13

20 RISBØL ET AL.
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accumulation of house pits in the Norwegian archaeological record in

the past couple of decades has mostly resulted from development-led

archaeological projects, they have been recognized as ‘part of com-

mon practices rather than isolated, exceptional phenomena’
(Fretheim, 2019, p. 15). For more systematic, supra-regional studies of

Late Mesolithic settlement patterns and landscape use, LiDAR can be

a most useful, time-efficient tool.

Finally, it is also evident that LiDAR will bring something to the

table for coastal archaeology apart from identifying new features. We

will briefly look into a few examples based on ongoing discussions

from Tierra del Fuego. Overall, the LiDAR survey seems to support

some of the general trends that were observed by the Cambaceres

Surveys (cf. Bjerck, Zangrando, et al., 2016, pp. 75–77). For instance,

there is an interesting difference in the distribution pattern of ring-

and dome-shaped middens. Whereas ring-shaped middens are mostly

located in clusters close to the beach—even below the marine ridge at

about 5 m a.s.l. (cf. Zangrando et al., 2016)—domes are usually located

farther up, at some distance from the beach (Figures 15 and 17).

Moreover, regarding the formation of the aggregations of ring-shaped

shell middens, it was observed that the middens that were located at

the outskirts of the aggregations had lower walls than those in the

middle. Accordingly, the aggregations expanded over time as new

dwelling huts were raised immediately outside the older structures,

presumably to take advantage of the shelter they provided (Bjerck,

Zangrand, et al., 2016, p. 75; see also Piana & Orquera, 2010). Our

new LiDAR identifications of subtle ring-shaped middens close to the

known aggregations seem to support this expansion pattern. Occa-

sionally, they seem to have expanded in several directions and with

small interruptions, but mostly, they have accumulated like pearls on a

string along the contemporary shoreline. This conclusion is also con-

sistent with the idea that the shell middens themselves acted as a

major attractor for new settlements (Piana & Orquera, 2010;

Zangrando, 2018).

The LiDAR data can also shed light on the discussion pertaining

to the extent of site preparation prior to the construction of the

dwelling huts. In a 19th-century Yagan–English dictionary

(Bridges, 1987), we read:

�u[luš]w�ana tr. To clear a site for a wigwam [i.e., dwelling

hut] floor. (…) To clear away for a floor a house. (…)

�u[luš]w[önd]eka tr. To make a hollow all ready for the

erection of a wigwam. (Bridges, 1987, p. 92)

F IGURE 17 Box diagram showing the distribution of ring- and dome-shaped middens identified on LiDAR and recorded in the ground survey
in Cambaceres based on elevation. There is an obvious distinction between the location of ring- and dome-shaped middens in the landscape, the
former category being mostly located below the marine ridge and the latter being located higher up. Note that although the z-values from the
ground survey GPS coordinates were extracted from the digital terrain model, the coordinates per se may be erroneous due to low GPS accuracy
(see Section 3; Bjerck, Zangrando, et al., 2016), affecting the distribution. Illustration: Jo Sindre P. Eidshaug. [Colour figure can be viewed at
wileyonlinelibrary.com]
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möt�at�anunata i. To become clear earth unmixed or no

more covered with grass as the floor of a wigwam

when the grass is removed. (Bridges, 1987, p. 334)

Although some accounts based on ethnographic evidence claim

that the Fuegians occasionally used to dig pits as part of preparing a

foundation for their huts (e.g., Bird, 1938; Lothrop, 1928, p. 128; for

an overview, see Orquera & Piana, 1989–1990, pp. 60–61), the

archaeological evidence shows that the ring-shaped shell midden walls

formed around huts were erected on the surface (Orquera &

Piana, 1989–1990, 2009; Piana & Orquera, 2010; see also Bjerck,

Zangrando, et al., 2016, p. 30). Judging by the LiDAR data, the latter is

certainly the norm. This is also the case for the subtle depressions dis-

cussed above, as they have no actual pits (including those that were

subsequently verified in the field). While we believe these are remains

of dwelling foundations just like the other ring-shaped structures, the

depressions may simply have resulted from trampling or other activi-

ties inside the dwellings. On the other hand, there are also a fairly sig-

nificant number of ring-shaped middens with bases situated 30–

40 cm below the natural ground level in the 3D data, which indicate

intentional preparation or modification of the site by means of digging

(Figure 18). Although this diversity does seem to support the theory

suggested by both the dictionary (Bridges, 1987) and the Cambaceres

Surveys report (Bjerck, Zangrando, et al., 2016) that one practice does

not necessarily rule out the other, we would like to stress that archae-

ological excavations in those newly identified cases are imperative for

concluding on this matter.

6 | CONCLUSION

This paper has shown variable detection success between the case

study areas. On Vega, we identified most of the known house pits and

some possible new ones in less intensively surveyed areas, a result that

was far better than expected. Cambaceres proved more challenging

and we experienced a significant disparity in success rates between the

two types of structures. However, the results are in accordance with

conclusions from previous similar studies, where small features and/or

features without a distinct shape proved hard to identify on LiDAR-

generated images. This is especially true of features situated in environ-

ments whose vegetation posed challenges, like dense foliage. To create

a very detailed DTM, one needs a dense set of ground points, and it is

questionable whether improvements could be obtained by testing addi-

tional data-processing algorithms and filtering techniques. This is

beyond the scope of this paper but is mentioned here as the basis of a

possible additional study using the collected data.

F IGURE 18 Profile views of a selection of ring-shaped middens with bases below the natural ground at Wikirrh, Outer Peninsula,
Cambaceres, possibly indicating that some of the dwelling huts were placed in pits that were dug as part of the site preparation. Illustration:
Magnar M. Gran. [Colour figure can be viewed at wileyonlinelibrary.com]
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In any case, the study produced fairly good results and important

experiences that are of great value for future large-scale mappings in

both regions. It is evident that UAV LiDAR can contribute to coastal

landscape archaeology and that its added value is not limited to iden-

tifying new features. Most of all, it is both flexible and time efficient,

of benefit to landscape-scale studies. There is also the potential to

conduct further studies using the LiDAR data, such as volume calcula-

tions of midden materials, to study site formation processes and to

conduct demographic studies, as occurs in other regions with shell

middens across the world. Furthermore, LiDAR data can be used for

more than just archaeological purposes in such regions; for instance,

they can provide a basis for cross-disciplinary environmental, topo-

graphical and geomorphological studies.
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