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RESEARCH ARTICLE WILEY

Field systems and later prehistoric land use: New insights into
land use detectability and palaeodemography in the
Netherlands through LiDAR, automatic detection and
traditional field data

Stijn Arnoldussen? | Wouter B. Verschoof-van der Vaart? | Eva Kaptijn® |
Quentin P. J. Bourgeois?

1Gmningen Institute for Archaeology,
Groningen University, Groningen, Netherlands Abstract

2Faculty of Archaeology, Leiden University, This paper discusses how the use of Al (artificial intelligence) detected later prehis-
Leiden, Netherlands

toric field systems provides a more reliable base for reconstructing palaecodemo-
3Erfgoed Gelderland, Arnhem, Netherlands

graphic trends, using the Netherlands as a case study. Despite its long tradition of

Correspondence settlement excavations, models that could be used to reconstruct (changes in) prehis-

Stijn Arnoldussen, Groningen University, . . ) .

Groningen Institute for Archaeology, toric land use have been few and often relied on (insufficiently mapped) nodal data

E‘osftrfatdé' 9712 ER, Groningen, points such as settlements and barrows. We argue that prehistoric field systems of
etherlands.

Email: s.arnoldussen@rug.nl field plots beset on all sides by earthen banks—known as Celtic fields—are a more

suitable (i.e. less nodal) proxy for reconstructing later prehistoric land use.

For four 32.25km? case study areas in different geogenetic regions of the
Netherlands, prehistoric land use surface areas are modelled based on conventional
methods and the results are compared to the results we obtained by using Al-
assisted detection of prehistoric field systems. The nationally available LIiDAR data
were used for automated detection. Geotiff DTM images were fed into an object
detection algorithm (based on the YOLOv4 framework and trained with known
Dutch sites), and resultant geospatial vectors were imported into GIS.

Our analysis shows that Al-assisted detection of prehistoric embanked field systems
on average leads to a factor 1.84 increase in known surface areas of Celtic fields.
Modelling the numbers of occupants from this spatial coverage, yields population
sizes of 37-135 persons for the case study regions (i.e. 1.15 to 4.19 p/km?). This
range aligns well with previous estimates and offers a more robust and representa-
tive proxy for palaeodemographic reconstructions. Variations in land use coverage
between the regions could be explained by differences in present-day land use and
research intensity. Particularly the regionally different extent of forestlands and
heathlands (ideal for the (a) preservation and (b) automated LiDAR detection of
embanked field systems) explains minor variations between the four case study

regions.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Archaeological Prospection published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

1.1 | Problem definition
Based on settlements, funerary sites and object depositions recovered,
it is clear that various and geologically distinct regions within the
present-day Netherlands were inhabited between 2000 BCE and
50 BCE (the Bronze and Iron Age periods; e.g. Arnoldussen &
Fokkens, 2008; Harsema, 2005; Schinkel, 2005). Despite this, archaeol-
ogists have struggled to use this data for reliable reconstructions of land
use and palaeodemography (cf. Nikulka, 2016, esp. 72-73; 92-95; Roy-
mans & Kortlang, 1999, esp. 36-40; Wolthuis & Arnoldussen, 2015).
This means that important issues such as social cohesion
(cf. Arnoldussen, 2008, 66 note 1; Gerritsen, 2003, esp. 109-111), resil-
ience to ecological change (cf. Jongste & van Zijverden, 2007; Kluiving
et al., 2015; van Zijverden, 2016, esp. 30-33; 133), agricultural sustain-
ability (cf. Gerritsen, 2003, esp. 172-178) and cultural changes affected
by or attributed to palaeodemographic parameters (i.e. migration, mobil-
ity and (over)population?) presently lack models applicable beyond the
often small-case research areas of the studies cited here. This issue is of
course not limited to the Low Countries, and for other areas of the
North-West European basin, archaeologists similarly struggle with the
construction and evaluation of palaeodemographic models of later pre-
history (ranging in scale from local case studies to pan-European
models?). In this paper, we will however focus on the palaesodemogra-
phy of the Netherlands, due to the high-quality datasets available and
its long-standing history of archaeological research of its settled land-
scape (e.g. Arnoldussen & Fokkens, 2008; Fokkens & Roymans, 1991).
Yet, for an area with such a long-standing archaeological research
tradition into later prehistoric settlement, the lack of recent and
refined palaesodemographic models and insights into changes in land
use intensities is striking and problematic. Seeing as the later prehis-
toric periods here saw significant changes in settlement modes,*
funerary traditions,* subsistence base® and material culture,® our
understanding of the ways in which palaeodemography and land
usage affected such themes is limited. This is because traditional
approaches towards reconstructing diachronic changes in population
estimates have mostly relied on singular datasets, that is site distribu-

tions, be it settlements,” funerary sites® or combinations of these’

1Cf. Arnoldussen, 2008, 464-466; Kootker et al., 2018; Roymans & Kluiving, 2012;
Spek, 2004, 140-141; van Gijn & Waterbolk, 1984; Waterbolk, 1959.

2E.g. Feeser et al., 2019; Kristiansen, 2018; Muiller & Diachenko, 2019; Nikulka, 2016;
Zimmermann et al., 2009.

3Cf. Fokkens & Roymans, 1991; Fokkens, 2005; Gerritsen, 2008; Waterbolk, 1982.

4Cf. Bourgeois, 2013; Fontijn, 1996; Hiddink, 2003; Lohof, 1994.

5Cf. Bakels, 2009; Brinkkemper & Van Wijngaarden-Bakker, 2005; van Amerongen, 2016.
SCf. Butler & Fokkens, 2005; van der Broeke, 2005.

7EAgA Arnoldussen, 2008, 464-466; Gerritsen, 2003, 212; 215; Schinkel, 1998, 161-183.
8E.g4 Kooi, 1979, 167-179; Gerritsen, 2003, 212.

9E.g.Louwe Kooijmans, 1995, 419-420; Spek, 2004, 141; Waterbolk, 1995.

mapped or recorded as point-based data (rather than as surface poly-
gons; i.e. these are nodal data). Moreover, the territories and popula-
tion densities thus proposed have been established for small well-
studied and ideally well-defined study regions (Figure 1, left: Louwe
Kooijmans, 1995, 420 fig. 4) but have been extrapolated to the
Netherlands at large without much critical reflection
(cf. Harsema, 1980, 32; Gerritsen, 2003, 239; Louwe
Kooijmans, 2005, 698; Figure 1, right).

Whereas such attempts are to be commended for their daring
approach and for addressing the issue, to begin with, there are evi-
dent issues that affect their reliability. These comprise map forma-
tion processes (sensu Fokkens, 1998, 54-60), differences in
research intensities and subsequent issues of representativity. For
example, Bourgeois (2013, 40) has estimated that 68%-73% of
prehistoric barrows may be lacking from the archaeological record,
putting the few excavated (less than several hundreds;
cf. Theunissen, 1999, 57) Bronze Age barrows in perspective.
Many have been lost due to heathland reclamation, village con-
struction and agricultural activities (Bourgeois, 2013, 50). The num-
ber of Bronze Age settlement sites presently known through
excavations for the entirety of the Netherlands amounts to less
than 150 (cf. Fokkens & Arnoldussen, 2008, fig. 1, already an
underrepresentation viz. the barrows), and an incomplete inventory
for the Iron Age lists 523 sites (for c. 60% of the surface area, not
corrected for an inhabitable surface in prehistory), suggesting that
for the 3,000 years of the Dutch Bronze Age and Iron Age, c.
1,000 settlements are known for 34,870 km? (c. 0.03 settlement/
km?) which again seems an unrealistic underrepresentation of pre-
historic realities. Similarly, establishing past occupation durations of
settlements is hampered by difficulties in establishing (a) absolute
dates, (b) possible contemporaneity of houses and (c) overall later
prehistoric settlement longevity.'° For prehistoric field systems, the
previously difficult dating of their banks has benefitted much from
the introduction of OSL dating of sediments directly
(cf. Arnoldussen, 2018; Nielsen & Dalsgaard, 2017). Compensating
for the above skewness and poor representativeness of mostly
nodal data is difficult, but in this paper, we propose that prehis-
toric field systems may be a more reliable data source—in itself
but also in complementary approaches—to reconstruct (agricultural)
land use in the past. In this, we do not focus on land use intensity
as defined by Erb et al. (2013, 466 tab. 1: input, outputs and
changes in system properties) as these require a much finer tempo-
ral framework but rather aim to reconstruct (cumulative, resultant)
surface coverage for key types of landscape usage such as settle-

ment activities or agricultural fields systems.

10Cf. de Vries, 2021, 90; Fokkens, 2019; Jongste, 2008; Schinkel, 2005.
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Left: Traditional method of palaeogeographic modelling for a well-defined area (near Emmen; from Louwe Kooijmans, 1995,

430 fig. 4). Right: Extrapolation of long-term population dynamics in the prehistory of the Netherlands (from Louwe Kooijmans, 2005, 697 fig.

3.11).

1.2 | Research aim

The overall research aim is to test whether Al-assisted mapping of
Celtic fields and using their surface area as input for palaeo-
demographic modelling works better than traditional approaches that
use human (expert) interpretation and nodal proxies such as settle-
ments. We argue that there are several benefits to using prehistoric
field systems as base data for reconstructions of prehistoric land use.
First, being the locus of subsistence farming for local communities
(Arnoldussen, 2018; Arnoldussen & van der Linden, 2017), these sites
form strong proxy indicators for human presence in the landscape.
Whereas archaeologists assume—and can partly prove—that habita-
tion took place within these field systems in later prehistory
(cf. Arnoldussen & de Vries, 2014, 2017), even if no excavations have
taken place the rhythms and tasks of unmechanized agriculture pre-
suppose habitation within economically suitable distances (here
assumed to be <5 km). Second, excavations of embanked prehistoric
field systems known as raatakkers in Dutch (Celtic fields) have shown
that these were very stable (long-term) landscape structures, existing
for centuries and perhaps to and over a millennium in some cases
(between c. 1,200 BCE and AD 200 as shown by AMS and OSL dates
of banks and fields*?). Third, such prehistoric field systems have a sub-
stantial surface area (in our dataset, 205 ha on average [st. dev.
= 115 hal; Figure 2) and will have spanned up to several km? in pre-
history. This means that—unlike geographically modest sites such as
settlements or urnfields (or nodal sites such as barrows and deposition
locations)—prehistoric field systems have a better chance of leaving a

persistent presence in the landscape, despite being subject to

11AMS: Accelerator Mass Spectrometry, OSL: Optically Stimulated Luminescence, see
Arnoldussen, 2018 for details of dating.

detrimental forces such as urban sprawl, later agricultural usage or
reclamation. Fourth, the methods of discovery for sites of this type do
not have their roots in antiquarian traditions*?> —that are often nodal
in approach and destructive in nature but rather are the results of an
early example of ‘remote sensing’: aerial photography'® gave a first
impetus to the prospection of such sites, followed by a second push
with the introduction, refinement and availability of LiDAR imagery.*

The identification and mapping of such later prehistoric field sys-
tems using LiDAR data have thrived in the last 5 years. Local heritage
enthusiasts often scour freely available images and manage to recog-
nize these (and other) archaeological sites*> and in heritage manage-
ment frequently LIiDAR analyses or re-appraisals are commissioned to
map or evaluate such sites.'® Moreover, citizen science projects have
proven very helpful in harnessing the interpretive power and enthusi-
asm of citizen researchers in mapping projects in the Central
Netherlands (Veluwe and Utrechtse Heuvelrug; Lambers et al., 2019;
Kaptijn et al., forthcoming).

Lastly, recent years have seen major advances in the use of
(semi-) automated detection methods—with a clear trend towards the
use of machine learning and deep learning approaches (Bickler, 2021;
Fiorucci et al., 2020)—to detect different archaeological objects17 in
remotely sensed data (see Verschoof-van der Vaart, 2022 for an over-

view). Up to now, these methods have mainly been developed to

12Unlike with barrows, cf. Bourgeois, 2013, 3; Theunissen, 1999, 42-43.

13Brongers, 1976; Curwen & Curwen, 1923; von Frijtag Drabbe, 1947.

1"EAg. Affek et al., 2022; Arnold, 2020; Devereux et al., 2005; Hesse, 2010, 2013; Humme
et al., 2006; Meylemans et al., 2015.

15E,g. Janssen & Verhart, 2010; Wortelboer, 2014.

16E g. Creemers et al., 2011; Jager, 2008, 2011; Meylemans et al., 2015; Oude

Rengerink, 2004; Spek et al., 2009.

YIn the field of Computer Vision the term 'feature’ refers to the properties of an image,
while an 'object’ refers to real-world entities (Traviglia et al., 2016).
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FIGURE 2 Top left: Example of the vast surface area of later prehistoric field systems known as raatakkers (Celtic fields; blue) near the
hamlets of Lunteren and Wekerom (cf. Arnoldussen & Scheele, 2014), spanning areas of up to 1.9 km?2. Top right: The same Celtic fields (blue) on
a current topographical map, showing forest in dark green, agricultural fields in light green and drift sand in grey. Bottom: Artist's reconstruction
of an active raatakker system north of Elst (Utrecht) by Marcel Creemers (CC-BY-NC).

detect compact, discrete objects, such as barrows and relict charcoal
hearths (Davis, 2021; Traviglia & Torsello, 2017). However, several
studies have been able to detect more complex, large-scale landscape
patterns, such as field systems and roads using automated
approaches.'® For instance, Verschoof-Van der Vaart and Lambers
(2021) were able to detect Celtic fields in the southern Netherlands
using deep learning. In that study over 3 km? of Celtic field were
detected in an area that was assumed to be devoid of these field sys-
tems, which contributed to major new insights into the structuring of
the landscape in later prehistory (Verschoof-Van der Vaart &
Lambers, 2021).

8Herrault et al., 2021; Olivier & Verschoof-van der Vaart, 2021; Verschoof-van der Vaart &
Landauer, 2021; Verschoof-van der Vaart et al., 2020.

Therefore, in this study, a combination of automated and man-
ual approaches is used to detect and map Celtic fields in the LIiDAR
data from four study areas, which differ in geology, current land use
and archaeological research intensity, in the Netherlands (Figure 3).
The results of these mapping efforts are used to estimate popula-
tion sizes for the four study areas. Subsequently, these are com-
pared to palaeo-demographic estimates based on settlement
site data.

In Section (2), the study areas and the current state of archaeo-
logical knowledge are introduced, followed by an overview of the
mapping methodology. In Sections 3 and 4, the results of the mapping
effort and land use intensity estimation based on field systems will be
presented, discussed and compared to other estimates based on set-
tlement data. The paper finishes with general remarks on the method-

ology used (Section 5).

95U8017 SUOWIWOD SAE8ID (dedl|dde auyy Aq peupob ae Sepie O 8SN JO Se|nJ Joj AkeigiTauluQ AB]1/M UO (SUONIPUOD-PUR-SWLBIW0D A8 | Im ARe.d 1 jBul[UO//SdNL) SUONIPUCD pue SWwie 1 841 88S *[£202/60/92] Uo ARiqiTauliuo A8|im “eeuoljqigsielseAlun Ad T68T de/Z00T 0T/I0p/wod Ae | Aleiq1pul|uoy/sdny wiolj pepeojumod ‘€ ‘€202 ‘€9.0660T



ARNOLDUSSEN ET AL.
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2 | MATERIALS AND METHODS

21 | Study areas
For this research, four separate areas in different parts of the
Netherlands were selected (Figure 3; Table 1). In the following, these
areas will be designated by a letter (e.g. A and D).

In terms of geogenetic setting, the Zeijen (A) and Putten
(B) regions have been shaped mostly during Saalian glaciation (c. 370-
130 kA BP; de Mulder et al., 2003, 197; 338), during which in the for-
mer boulder-clay plateaus delimited by erosion valleys were formed
(Rappol, 1984; Rappol & Kluiving, 1992, 75-76; Van Smeerdijk
et al., 1995, 453) and in the latter sediments of the precursors to the
contemporary Rhine and Meuse rivers were mixed and pushed up
(de Mulder et al., 2003; van der Meer et al., 1985). In both the Zeijen
and Putten regions, a thin (<2 m) aeolian sand deposit of Weichselian
Age (115-10 kA BP; de Mulder et al., 2003, 206; 349) may locally
cover parts of the Saalian period reworked sediments.*” The same
sediment, Weichselian coversand, forms the main constituent of the

Riethoven study area (C), which locally overlies older Meuse precursor

19Castel & Rappol, 1992, 119; De Mulder et al., 2003, 206-210; Oude Rengerink, 2004;
Van der Meer et al., 1985.

fluvial sediments (de Mulder et al., 2003, 323; 349) and is cross-cut by
stream and brook valleys (Gerritsen, 2003, 17-18; de Mulder
et al., 2003, 350). Coversand undulations, stream valleys and river
dunes—often overlying older Meuse terraces and meanders (de Mulder
et al., 2003, 327; 348)—characterize the Posterhold study area
(D) landscape.

For the four case study areas, there are marked differences in
archaeological research intensity and in the attention given to issues
of land use and palaeodemography. The Zeijen study area (A) has
seen targeted excavations from 1918 onwards (also of field systems,
albeit that their true nature was not recognized until 1940; van
Giffen, 1940). Yet, even for this region, models of palaesodemogra-
phy and land use were applied that were essentially extrapolated
from other parts of Drenthe (Kooi, 1979, 173-174). Based on
reconstructions of urnfield populations, Kooi (1979, 174) assumed
population densities of 3-4 persons per km?. For the other three
study areas, archaeological research has been anecdotal and
focussed on barrows (e.g. Gerritsen, 2003, 296; van Giffen
et al, 1971) or settlements (e.g. Slofstra, 1991; Willems, 1981).
These early projects targeted visible and recognizable entities such
as barrows (Bourgeois, 2013; Theunissen, 2006) and chance finds of
settlements. It was not until the introduction of developer-led

archaeology that more diverse locations were more systematically
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Main geological and archaeological characteristics of the four case study areas

TABLE 1

Case study area

68en2

57bn1

32fnl

12bz1

Dutch grid sheet

Posterholt

Riethoven

Putten

Zeijen

Region name

Pleistocene and Holocene Meuse

Middle Pleistocene Meuse sediments

Saalian-period dislocated riverine

Saalian Boulderclay plateau with

Geogenesis

ARNOLDUSSEN ET AL.

river sediment, interspersed with
Weicheslian coversand elevations

covered by Weicheslian coversand
and interspersed with sandy/

loamy brook valleys
Gerritsen, 2003

sediment, with local coversand

covers and dry valleys

Weicheslian coversand,

interspersed with stream valleys

n.a.

n.a.

Kooi, 1979; Wolthuis &

Regional palaeodemography available?

Arnoldussen, 2015
Jager, 2008; Spek et al., 2003, 2009;

Willems, 1981; van Hoof, 2000

Gerritsen, 2003; Lascaris, 2004;

van Giffen et al., 1971; Bourgeois, 2013

Key archaeological references

Slofstra, 1991; van de Glind, 2013;

Verhoeven, 2004

van der Sanden, 2018; van Es,

1958; van Giffen, 1918, 1936,
1940; Waterbolk, 1977, 1985

Automated LiDAR detection

Aerial photography (Brongers, 1976) Aerial photography (Milikowski,

Aerial photography (Brongers, 1976)

Main method of field system

(Verschoof-Van der Vaart &

Lambers, 2021)

1985)

and LiDAR (AHN2/3; Kooistra &

Maas, 2008)

and LiDAR (AHN2/3; Jager, 2008)

prospection

investigated.?’ For the Putten (B) and Posterholt (D) regions, no
models of land use or palaecodemography were ever constructed.
For the Riethoven area (C), Gerritsen (2003, 121-122) postulated
that—based in part on four other micro-regions studied (op.cit.,
205 fig. 5.2)—later prehistoric population densities ranged from 2 to
5 persons per km?.

With respect to strategies and sizes of field systems recovered in
prior research, the four study areas also exhibit strong differences
(Table 2). Excavations of field systems only occurred in the Zeijen
region (Arnoldussen, 2012; Arnoldussen & van der Linden, 2017 for
references), and most field systems mapped with aerial photography
were also found in this region (Brongers, 1976, 133-134; Map 3 M-
N). Human-interpreter-based identification of field systems appears
modest: up to a maximum of five field systems per area were mapped
this way (average = 29.2 ha; st. dev. = 35.14 ha).

2.2 | Archaeological inventory

In order to evaluate the results of this research, for all four study areas
additional spatial data on settlements, funerary sites and deposition
locations were collected. The basis for this inventory was the national
Dutch Archis3 (https://archis.
cultureelerfgoed.nl/), from which data with a start and/or end date
between the Bronze Age (2000-800 BCE) and Iron Age (800-12 BCE)
were retrieved. In addition, the national Dutch repository Dans-EASY

archaeological database

(https://dans.knaw.nl/nl/data-stations/archaeology/) was queried for
excavated settlements from these periods. Also, several research
datasets such as on Bronze Age and Iron Age settlements
(Arnoldussen, 2008), and Celtic fields (Erfgoed gezocht; Kaptijn
et al.,, forthcoming) were integrated. This resulted in a series of GIS
tables often comprising multiple entries for a single set of coordinates
(for example, larger excavations are represented by multiple listings
for their constituent features and finds).

Here, we render explicit in what ways these additional layers are
used in our analysis. First, only one record for a deposition site was
listed in Archis3. This concerned the possible offerings placed in the
‘Bolleveen’ peat near Zeijen (van Giffen, 1950; Zeiler, 2005). As the
relations between object deposition and settlement patterns are often

1 and none such sites could be listed for the three other

unclear,?
study areas, these data points/site types were excluded from further
analyses.

The dataset on settlements equally poses challenges. For three
regions settlement excavations are known.?? In addition to these cer-
tain later prehistoric settlements—known through excavation—vast
numbers of entries in Archis3 are known that could—but not by

definition—pertain to settlement sites. Amongst such listings in

20 g, Bongers & Jelsma, 2012; Hielkema, 2008; Parlevliet & Flamman, 2003; Van der Glind,
2013; Verhoeven, 2004.

21Cf. van Beek, 2001, 70-74; 93-96; Fontijn, 2005, 2007; Arnoldussen, 2008, 442-454
22: Van Giffen, 1936, 1940, 1950; Jelsma, 2004; Hielkema, 2008, C: Slofstra, 1991;
Lascaris, 2011; Van de Glind, 2013, D: Willems, 1982.
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TABLE 2 Origin, counts and surface areas for field systems known from the case study regions prior to our investigation

Case study area
Region name

Field systems known
(archaeology) and
surface area

Field systems known from
aerial photography &
surface area

Field systems known from
human LiDAR
recognition (AHN) and

A

Zeijen

Zeijen-Noordseveld
(30.49 hain van

Giffen, 1939; 48.75 ha in
Waterbolk, 1977)

5 locations (est.
5x 5ha=25hain
Waterbolk, 1985, map 2),
including Noordse veld

Zeijen-Noordseveld
(71.68 ha; Spek
et al., 2009, 27 afb 10c)

B
Putten

n.a.

1 location (Krachtighuizen,
Est. 5 ha; Archis wrnr
7,223)

(4 locations, 272.2 ha; pers.
com. V. Arnold; Kooistra
& Maas, 2008, 2324 fig.

C
Riethoven

n.a.

1 location (est. 5 ha;
Milikowski, 1985, fig. 4;
Gerritsen, 2003, 168 tab.
4.11)

(2 locations, 61.01 ha; pers.
com. J. Bazelmans, T.
Doesborg)

D
Posterholt

n.a.

n.a.

(4 locations, pers. com.
T. Ernst, T Doesborg,
77.8 ha)

WILEY_| 2

surface area 5)

Totals (prior to this study) 6 locations, 98.81 ha

5 locations, 277.7 ha

2 locations, 61.01 ha 4 |ocations, 77.8 ha

LiDAR data

[ Automated detection approach ]
Fill No_data Visualization Datase't Obje(.:t Vectorization
Generation Detection

Y

T

»{ Manual Analysis [€

FIGURE 4

Archis3 are pottery fragments unequivocally datable to the period,
flint artefacts and mentions of archaeological features such as ditches,
fences and isolated postholes (without the certainty of a recognized
later prehistoric house plan). In order to avoid entrenchment in strict
(and arbitrary) criteria for what does—and what does not—constitute a
probable, possible or tentative settlement site (cf. Arnoldussen, 2008,
66-69 for discussion), we opted for a landscape approach instead in
which the totality of later prehistoric finds and features mentioned in
Archis3 is used as the spatial input for a reconstruction of the late pre-
historic ‘settled landscape’. We define this as the zone in the land-
scape that—based on later prehistoric finds and features recovered—
supported proven (excavated), probable, possible or tentative settle-
ment sites.

Not only can we thus avoid discussion on the interpretative
strength of each individual find in Archis3, but we can also bypass
issues of data multiplication that originated from multiple artefacts
and/or features being assigned to the same coordinate in Archis3. In
the conversion of nodal (point) to polygon data, we have opted for a

pragmatic 750 m buffer. This buffer reflects—but stays on the

Schematic overview of the methodology used to annotate Celtic fields.

conservative side of—estimates based on the effective ‘hailing dis-
tance’ for neighbours in settlements (e.g. 150 m; Roberts, 1996, 24;
Wesselingh, 2000, 20) and documented inter-house distances for
Bronze Age (e.g. 53 m average; Arnoldussen, 2008, 328) and Iron Age
(cf. Wolthuis & Arnoldussen, 2015, 174: max. 100 m) settlements and
overall size estimates for later prehistoric hamlets (e.g. Fokkens, 1998,
141; Schinkel, 2005, 526). By using a cumulative 750 m buffer around
possible settlement indicators, the settled surface area appears to be
overestimated, but this deliberately functions as a counterweight to

unguantifiable recovery biases.

2.3 | Human-computer mapping approach

In what follows, a combined human-computer strategy, as proposed
and discussed by Verschoof-van der Vaart and Lambers (2021), was
used to detect and map Celtic fields in LIDAR data from the four study
areas (Figure 4). In such a strategy, automated detection is used in a

supplementary role, next to manual analysis (see Section 4.2 for a
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discussion of human-computer strategies in practice). The automated
detection is therefore not required to detect all Celtic fields areas and
every plot therein, but rather it is used as an initial guide to detect new
areas of Celtic field and give an initial estimation of their coverage,
which can be used to ease the subsequent manual analysis. Conse-
quently, the performance of the used method does not have to be high
(see Verschoof-Van der Vaart & Lambers, 2021). This combination
offers many opportunities for improving the investigation of remotely
sensed data?® and results in a more complete overview of the archaeol-
ogy present and a gain in both quantitative and qualitative archaeologi-
cal knowledge (Verschoof-Van der Vaart & Lambers, 2021).

For the automated and manual analysis, the third generation of
Dutch LiDAR data (called Actueel Hoogtebestand Nederland3 or AHN3)
was used. This nationwide dataset has an average ground point density
of 6-10 per sq m, a spatial resolution of 50 cm and a vertical and plani-
metric accuracy of 5 cm (van der Zon, 2013). The fourth generation
(AHN4) is currently being made available on a nationwide level but is
not available for all case study areas. The LiDAR data are freely avail-
able as an interpolated digital terrain model (DTM) from the online
repository PDOK (Nationaal Georegister, 2021) in GeoTIFF tiles mea-
suring 10,000 by 12,500 pixels (5 km by 6.25 km). Per study area, one
of these tiles (31.25 km?) was used (see Table 1 for the specific tiles
used) and analysed in full. Prior to the analysis, the tiles were loaded
into QGIS and a Fill_nodata processing tool was used to reduce the
number of raster cells with no height data. Subsequently, the tiles were
visualized with the simple local relief model visualization (Hesse, 2010)
from the Relief Visualisation Toolbox 2.0 (Kokalj & Hesse, 2017). This
visualization was chosen—based on earlier research on Celtic fields in
Dutch LiDar Data (see Lambers et al., 2019)—as it very clearly repre-
sents slight elevations, such as the banks of Celtic fields.

Subsequently, an automated detection approach?* was used to
detect Celtic fields in LiDAR-derived DEM data. This method, devel-
oped by Olivier and Verschoof-van der Vaart (2021), consists of three
parts: (1) a dataset generation part that uses geospatial information on
the location of archaeological traces and LiDAR-derived DEM data to
make cropped input images containing examples of archaeological
traces of interest; (2) an object detection part, consisting of a convolu-
tional neural network (CNN), that is a hierarchically structured algo-
rithm consisting of multiple layers, which generally comprises a
(image) feature extractor and classifier. In this case, the algorithm is
used for object detection, where it has to predict the presence and
location of an object, or a class of objects, in an image (Ball
et al., 2017); and (3) a post-processing part that turns the results of
the prior step (rectangular bounding boxes with a class and confidence
score per input image) into geospatial vectors, directly usable in a GIS.

The object detection model used in this research, based on the
YOLOv4 framework (Bochkovskiy et al., 2020), was previously
transfer-learned?” by Olivier and Verschoof-van der Vaart (2021) on a

23Bennett et al., 2014; Cowley, 2012; Trier & Pilg, 2012.

24The data generation scripts and the configuration files for the automated detection
approach are available on: https://github.com/epsin/YOLOVALIDAR.

25For the specific augmentations and modifications used for this model, see Olivier &
Verschoof-van der Vaart, 2021, Table 2, “Modified model”.

training dataset containing input images of LiDAR-derived DEM data
from the Veluwe in the Netherlands, containing barrows, Celtic field
and/or charcoal kilns. On a test dataset, this model reached an F1
score?® of 0.82 for Celtic fields (Olivier & Verschoof-van der
Vaart, 2021).

In this research, the LIDAR data from the case study areas
were processed as described above and subsequently cut into
input images of 500 by 500 pixels with 5% overlap in all direc-
tions. Subsequently, the pre-trained model from Olivier and
Verschoof-van der Vaart (2021) was used to detect Celtic fields.
The results were post-processed into geospatial vectors and loaded
into QGIS.

The results of the automated detection and prior information
on the location of Celtic fields (see Table 2) were used as the
starting point of a manual analysis of the visualized LiDAR data.
The manual analysis was performed by the second author, who
has ample experience in analysing LIDAR data and considerable
knowledge of the archaeology of the period. During the analysis
elevation differentiation or histogram stretching (see Kokalj &
Hesse, 2017) was used to enhance the contrast between archaeo-
logical features and the background. Every Celtic field area visible
in the LiDAR-derived DEM data was annotated with a polygon. In
the situation that the area was dissected by a modern topographic
object (e.g. a road) two separate polygons were created. However,
these two polygons were considered to belong to a single Celtic

field complex.

3 | RESULTS

3.1 | Results of the mapping approach

Table 3 shows the results of the mapping approach conducted.
Foremost, a substantial increase (average =80 ha; st. dev.
= 114.8 ha) in the area of Celtic fields can be observed. The largest
increase can be observed in the Posterholt area (D; 113.2 ha), while
the increase in the Riethoven area (C) is much more moderate
(39.5 ha). The increase in area generally involves the extension of
existing Celtic field systems, although additionally in every area 3-6
new locations were found (Figure 5). A cursory analysis of the auto-
mated detection results versus the known Celtic field locations
shows that the majority of previously demarcated areas of Celtic
fields in the different areas are detected, although this often
involves not the full extent (i.e. all plots within the Celtic field).
Well-defined Celtic fields are generally extensively detected while
less conspicuous Celtic fields are only partially detected. This is in
line with the results of the automated detection of Celtic fields per-
formed by Verschoof-Van der Vaart and Lambers (2021) in the Mid-
den Limburg area (the Netherlands).

26The F1 score is a measure of a detection model's performance per class (Sammut &
Webb, 2010). These measurements are normally restricted between 0 and 1, with higher
values indicating a better performance.
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TABLE 3 Results of the mapping approach per study area as compared to the prior known Celtic field areas

Case study area Area old (ha) Complexes
A 81.3 5
B 278.7 5
C 61.2 2
D 78.1 4

FIGURE 5 LiDAR-derived DEM
data of the four study areas,
visualized with simple local relief
model (Hesse, 2010), showing the
known Celtic field areas (red) and the
results of the mapping approach
(blue), overlap between the two is
shown in violet (source of the
elevation model: Nationaal
Georegister, 2021; Coordinates in
Amersfoort/RD new, EPSG: 28992).

3.2 | Estimating land use intensity from field
system data

Foremost, we should stress that the interpretative steps from field
system coverage to land use intensities or demographic reconstruc-
tions are precarious but possible. If we treat prehistoric field systems

as landscape structures rather than nodal points around which to

Area new (ha) Complexes Increase in percentage
160 8 96%
367.6 11 32%
100.7 6 65%
191.3 7 145%

draw Thiessen polygons of settlement territories,?” we are much bet-

ter equipped to appreciate their salience for prehistoric subsistence
reconstructions. Inspired by New Archaeology's focus on models and

calculations from the early 1960s onward, various archaeologists have

27¢f, Brongers, 1976, 67; Kooi, 1979, 173; Waterbolk, 1995, 15 Fig. 12; Louwe
Kooijmans, 2005, 698 Fig. 31.2.
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TABLE 4 Calculations and approximations of required arable sizes per person for Dutch later prehistoric agriculture

Ha required Per Remarks

7.69 Person Celtic fields Emmen-Odoorn region

3.75 Person Based on a three-course rotation

5 Person Based on a two-course rotation

1.09-1.45 Person 6-8 p household with 10 animals
0.98-1.32 Person 6-8 p household with 20 animals
0.97-1.45 Person 10-15 p household with 10 animals

9-18 Household Based on Vaassen

1.28-2.57 Person Based on Vaassen, assuming 7 p household
1.63-1.9 Person

tried to estimate the surface area of fields required by one household
of subsistence farmers (Table 4). Based on Early Medieval crop vyield
and assumed agricultural regime (three- versus two-course rotation),
Kooi (1979, 174-175) estimated an acreage of 3.75-5 ha arable per
person. Fokkens (1998, 144 Table 27) drafted a quantitative model
that—by variables of household and herd sizes and agricultural regime
at hand (e.g. sod cutting, rotation schemes or stubble grazing)—
estimated the arable (and fallow arable) for a 6-8 person household
with 10 animals to be 8.7 ha (raised to 14.5 ha for a 10-15 person
household and reduced to 7.9 ha for a 6-8 person household with a
stronger livestock focus (20 animals; loc.cit.). Woltering (2000,
344 tab. 19; 350-351 tab. 22) estimated that a 6-7 person household
would require between 7.2 and 17.6 ha of arable (11.4 ha average, for
the Middle Bronze Age to Late Iron Age) based on the most pessimis-
tic (1:5) grain yield ratio. Following the more detailed models of Fok-
kens and Woltering (Table 4), a range of 1-2.5 ha per person (or 10-
40 persons per sg. km) seems a pragmatic and realistic approximation
of required arable area in Dutch Later prehistory.

Whereas the above-modelled relations between required field
system sizes assume or imply a correlation between habitation and
arable,?® there is solid footing for the spatial overlap (or integration)
of habitation within Celtic field systems from the Early Iron Age
onwards. At Hijken (Arnoldussen & de Vries, 2014), Peelo (Kooi & de
Langen, 1987) and Westeinde (Arnoldussen & de Vries, 2017), Early
Iron Age houses were excavated within Celtic field systems. For the
Middle and Late Iron Age, Sellingen (van Giffen, 1939, 90), Vaassen
(Brongers, 1976, 40-55), Wekerom (Arnoldussen & Scheele, 2014)
and Hijken (Arnoldussen & de Vries, 2014) have similarly yielded
house plans within the Celtic field confines (Figure 6).

If we are to approximate the correlation between field system
plots and habitation, we should only take into account the plots that
were effectively investigated at these sites (i.e. that show positive
‘evidence of absence’). Using this strategy, Arnoldussen and De
Vries (2017, 87) postulated that for sites where more than four plots
were investigated (i.e. omitting investigations of insufficient size), an
average ratio of house sites to field plots of 0.24 (st. dev. 0.12) seems

plausible. As plot surface areas in Celtic fields are quite standardized

28Cf. Fockema Andreae, 1947, 292; Lavschal & Holst, 2014, 8; Oude Rengerink, 2004, 10.

6-7 p household, crop ratio 1:5, MBA-LIA average

Reference

Brongers, 1976, 68

Kooi, 1979, 174-175

Kooi, 1979, 174-175

Fokkens, 1998, 144 tab. 27
Fokkens, 1998, 144 tab. 27
Fokkens, 1998, 144 tab. 27
Gerritsen, 2003, 177

Gerritsen, 2003, 177

Woltering, 2000, 350-351 tab. 22

(0.15 ha, st. dev. 0.03 calculated for Vaassen, Westeinde, Zeijen and
Peelo), an average of 16 house sites for every 10 ha of field plots may
be used as a crude approximation for Iron Age settlement densities
within Celtic field systems. Depending on the essentially unknown
estimate for the number of inhabitants of later prehistoric households
(see Arnoldussen, 2008, 85-87 for a critical discussion), estimates of
house-site longevity (op.cit., 88-92) and assumed contemporaneity
(cf. Jongste, 2008, 105-107; Arnoldussen, 2008, 394; 464-465)
numbers of house sites can with caution be used to crudely
approximate later prehistoric habitation. For example, assuming a
6 person household and 50 years for farmhouse longevity, a 10 ha
area of Celtic field may have supported 16 consecutive house phases
over the duration of the (800 years) Iron Age period (i.e. 60 p km?) or
5.33 settlement phases (each during 60 years, for a three house
hamlet, at 96 year intervals) resulting in c. 7.2 persons per km?.
Averaging these extremes would mean that 33.6 p/km? (or 0.336
p/ha or 2.98 ha/person) appear plausible population densities for
(within) Celtic fields. Using the results from our research, the later
prehistoric population size can be estimated to range on average from
¢. 37 (case study area C) up to 135 (B; Table 5).

3.3 | Estimating land use intensity from ‘settled
landscape’ data

In Section 2.2, we have argued that using data points tentatively
indicative of later prehistoric settlements with a 750 m buffer pro-
vides a more representative measure of prehistoric land use intensi-
ties than excavated settlements alone. This moreover (a) solves the
issue of research areas devoid of excavated later prehistoric settle-
ments (i.e. area B: Putten), (b) bypasses discussions on the represen-
tativeness of singular finds as settlement proxies, (c) resolves point
duplication issues (i.e. multiple records for one set of coordinates)
and (d) acts as a counter-weight to recovery bias
(i.e. underrepresentation) through overestimating the settled area as
based on inter-house distances for the period. Whereas the buffer
zones created provide an area of ‘settled landscape’ for each of the
four case study areas (Table 6), any approximation of population

sizes still relies on estimates of population densities. In Table 6, we
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FIGURE 6 Overview of excavated Celtic fields with Iron Age habitation. (a) Wekerom-Lunteren: after Van Klaveren 1986; Arnoldussen &
Scheele, 2014: 15 fig. 8), (b) Peelo-Kleuvenveld (after Kooi & de Langen, 1987; Kooi, 1979). (c) Hijken-Hijkerveld (after Harsema 1974; 1991:

23 fig. 2; Arnoldussen & de Vries, 2014: 101 fig. 12). (d) Westeinde-Noormansveld (after Arnoldussen & de Wit, 2018, 60 fig. 3.4.8.). (e) Vaassen
(after Brongers, 1976, 44 fig. 4). White areas and outlines represent the excavated areas. The locations of reconstructed and observed Celtic field
banks are depicted in halftone brown. Iron age houses and outbuildings are depicted in red, and the black polylines represent fence lines (note
that for Peelo, Vaassen and Hijken barrows also present have been omitted from the plans).

have used the population density estimate published by Gerrit-
sen (2003, 221-222) of 2-5 persons per km? (figures ultimately
based on urnfield data from the southern Netherlands) and Louwe
Kooijmans' (2005, 698) estimate of 3-6 persons per km? (figures
ultimately based on settlement data from the southern Netherlands;
Schinkel, 2005, 524; 525 note 12). For the Northern Netherlands,
Kooi (1979, 174) used urnfield data to postulate population densi-
ties of 3-4 persons per km?, but as the maximum of this is lower

than those quoted by Gerritsen or Louwe Kooijmans, these are not
used here. Rather, again to steer bias towards a maximum size of
the population, the population sizes were calculated using the upper
figures quoted by Gerritsen or Louwe Kooijmans (5 and 6 p/km?,
respectively; Table 6).

Using the above parameters, the later prehistoric population
size—based on the extent of the ‘settled landscape’—can be estimated

to be between c. 100 and 140 persons in three regions (A, C and D).
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TABLE 5

habitation intensity; areas are presented in km? for easy comparison to with other estimates

Area Celtic
Case fields (km?)
study based on
area prior research
A 0.8130
B 2.7870
C 0.6120
D 0.7810

TABLE 6

Estimated

population size
based on carrying

capacity (40
p/km?)

c.33
c. 112
c.25
c.31

Estimated
population size
based on
habitation
intensity (33.6
p/km?)

c.27

c. 94

c.21

c.26

Estimates for population sizes based on the area of Celtic fields and population density estimates based on carrying capacity and

Estimated
Area Celtic Estimated population size
fields (km?) population size based on Average
based on based on carrying habitation estimated
current capacity (40 p/ intensity (33.6 p/ population
research km?) km?) size
1.6000 c. 64 c. 54 c. 59
3.6760 c. 147 c. 124 c. 135
1.0070 c.40 c. 34 c.37
1.9130 c.77 c. 64 c.70

Estimates for population sizes based on the surface area estimate ‘settled landscape’ and population density estimates by

Gerritsen (2003, 221-222) and Louwe Kooijmans (2005, 698, ref. to Schinkel, 2005, 524; 525 note 12)

Estimate of population size based on
Gerritsen's 5p/750 m (Gerritsen, 2003,

Area ‘settled landscape

Case study area (km? by buffer size) 221-222)

A 13.27 (500 m) c. 103
20.58 (750 m)

B 10.38 (500 m) c. 80
15.97 (750 m)

C 14.96 (500 m) c. 108
21.63 (750 m)

D 16.96 (500 m) c. 114

22.81 (750 m)

TABLE 7 Comparative overview of estimated population size
based on a field system and ‘settled landscape’ data

Estimate of population size
based on ‘settled landscape’
data, in persons (min-max)

Estimate of population size
based on field system data,
Area in persons (min-max)

A 54-64 103-124
B 124-147 80-96
C 34-40 108-130
D 64-77 114-137

Only for region B (Putten) is the estimated population size smaller: c.
80-100 persons at any given time.

4 | DISCUSSION
41 | Comparing land use intensity based on
different criteria

Table 7 lists the obtained estimates for population sizes in each of the
four case study areas based on the two different approaches used
here. While some variation is evident—and addressed below—we

would like to emphasize that, firstly, all techniques yield results in the

Estimate of population size based on
Louwe Kooijmans' 6 p/750 m
(Louwe Kooijmans, 2005, 698)

c. 124

c. 96

c. 130

c. 137

same order of magnitude. All population estimates range from 20 to
150 persons, whilst the maximum values spread considerably less
(between 124 and 147 persons for each area). The maximum popula-
tion density thus obtained (4.7 p/km?; 147 persons over 31.25 km?)
aligns well with both national®’ and international®® estimates for later
prehistoric population densities. Yet, for both approaches and each
case study area some variation in the estimates obtained is notable.
With regards to the ‘settled landscape’ approach, the Putten area
(B) has slightly lower estimates (<100) compared to the other areas.
We suspect that this is an artefact of differences in present-day land
use and housing and infrastructural development, in which the Putten
region has an overrepresentation of forested estates and less built-up
areas—which means that fewer developer-led projects were under-
taken that could lead to new archaeological finds being reported. With
settlements that comprise post-built structures and generally leave no
surface scatters, prospective archaeology preceding such construction
works is often instrumental in detecting settlement remains in such
areas.

Similarly, the higher population numbers quoted for the Putten
region based on field systems (Table 7) are also a side-effect of the
present-day land use and its (positive) effect on the AI/LiDAR

29Gerritsen, 2003, 221-222; Louwe Kooijmans, 2005, 698.
3OMuiiller & Diachenko, 2019, fig. 4; Nikulka, 2016, 227-250; Zimmermann et al., 2009,
377 fig. 8.
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FIGURE 7

Left: Excerpt of LIDAR-derived DEM data from the Posterholt area (D), visualized with simple local relief model (Hesse, 2010).

Right: Same area with a recent aerial photograph, clearly showing the visible Celtic field complexes (blue outlines) are delimited due to destruction
by modern agriculture (source of the elevation model and photograph: Nationaal Georegister, 2021; Coordinates in Amersfoort/RD New, EPSG:

28992).

detectability of Celtic fields. The higher area of forest and heathland
in the Putten area (c. 68% surface area vs. max. 32% in the other
areas) means it is innately better suited to the detection of phenom-
ena such as Celtic fields.*

We are hesitant in favouring a single of the approaches used here
and argue that a complementary use is probably the way forward.
That being said, we would argue that the estimates derived from the
Celtic field surface areas are more ‘robust’ or reliable due to the
nature of the data at hand. This means that only for the Celtic field
data, the surface areas used in the calculations are observed, rather
than modelled—adding to their reliability. Nonetheless, in none of the
case study regions did we map a Celtic field for which we are confi-
dent that the extent mapped is identical to its surface area in the past:
all presently known Celtic fields are partly ‘delimited’ (destroyed or
masked) by modern habitation, agricultural use or infrastructure
(Figure 7; see also Figure 2). This means that the mapped area can
only be taken to reflect a minimum extent. So, whilst we would—if
pressed—argue that Celtic field coverage is the more reliable proxy, it
evidently still is a significant underrepresentation of real prehistoric
extents of these field systems. This could explain why in all areas
except Putten (B), the maximum population values as obtained using
the ‘settled landscape’ approach are on average a factor 2.3 times
higher (1.93 [A], 3.25 [C] and 1.78 [D]). Whereas one might argue that
the undated nature of Celtic fields is a problem here
(cf. Arnoldussen, 2008, 11-18), the long-term approach taken to all
datasets (settlement data, Celtic fields) means that we look at the
cumulative pattern rather than the individual (dated) phenomenon—
rendering this less of an important issue. Moreover, one should be
mindful that the majority of the possible and plausible settlement sites

are also not dated directly and that house contemporaneity is difficult

S1Cf. Kooistra & Maas, 2008, 2,324 fig. 5; Spek & Smeenge, 2021, 233 fig. 4.

to model. This means that our analysis cannot focus on the genera-
tional time-frames but should target the cross-generational or centen-
nial scales in which the cultural landscape developed. We also
recognize that each research area may have had its own internal his-
torical development and that population densities may have fluctu-
ated over the time period we investigate here. Yet, the later
prehistoric cultural landscape fabric that was the cumulative outcome
of these variable trajectories, and in particular the field systems—with
their entwining of agricultural, economic, ritual and funerary usage—
persisted over time as its most tangible, enduring, steering and wide-
spread component.

4.2 | Human-computer strategies in practice

In this paper, automated detection was applied on a practical level—
albeit in conjunction with manual analysis—to detect and map Celtic
fields. The general use of automated detection in (every day) archaeo-
logical practice and prospection is rare,3? although it is the aspiration
of many research projects.®® This general lack of incorporation has
been attributed to the fact that on a technical level these approaches
are still in a developmental stage with unsatisfactory results, while on
a practical level the minimal requirements of these methods for spe-
cific activities remain undefined (Opitz & Herrmann, 2018). Indeed, if
we look at the performance of the automated detection method in
the current research the results are far from perfect. While within dis-
tinct (i.e. clearly visible) Celtic field complexes generally the majority
of the plots are detected, in less conspicuous examples only a few or

even none of the plots were found (Figure 8). Therefore the level of

32yt see Verschoof-van der Vaart & Lambers, 2021.
33Cf. Kermit et al., 2018; Trier et al., 2018, Verschoof-van der Vaart, 2022.
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FIGURE 8 Excerpt of LiDAR-derived DEM data from the Zeijen
area (A), visualized with simple local relief model (Hesse, 2010),
showing detections made by the automated detection model (blue
rectangles) and the manually annotated Celtic field areas (green areas;
source of the elevation model: Nationaal Georegister, 2021;
Coordinates in Amersfoort/RD New, EPSG: 28992).

‘completeness’ (see Verschoof-van der Vaart & Lambers, 2021) varies
between areas and complexes, which would be problematic if auto-
mated detection was used as the only source of information. Con-
trarily, when employing human-computer strategies, the level of
competence and especially completeness of an automated detection
tool does not have to be extremely high (also see Opitz, 2013) as the
results are merely one of the multiple consulted data sources.

Using the results of the automated detection as a ‘guide’ in the
manual analysis proved very effective and reduced the time needed
to analyse the LiDAR-derived DEM data, even though the current
research areas are relatively small. Of course, when the size of the
research areas increases, the benefit of this strategy increases as
well. In addition, the automated detection model pointed towards
the presence of several new Celtic field complexes that were not
known beforehand and might have been missed during manual anal-
ysis. Therefore, the problems surrounding the incorporation of auto-
mated detection can be largely overcome by using human-
computer strategies, while also ensuring that the archaeological
expert remains involved in the process (Verschoof-van der
Vaart, 2022). Of course, with the development and implementation
of better-performing automated detection methods, human involve-
ment may decrease but should never be completely eliminated (see
Traviglia et al., 2016).

5 | CONCLUSIONS

While the presence of Bronze and Iron Age people in the Netherlands
is clearly attested by numerous finds in various regions, archaeologists
have hitherto struggled to use this data for reliable reconstructions of
land use and palaeodemography. Approaches to reconstructing popu-
lation estimates have up to now mostly relied on either settlements,
funerary sites or a combination thereof. In this article, we advocate
the usage of prehistoric field systems, that is Celtic fields, as a reliable
source for reconstructions of prehistoric land use.

In order to test this the surface area of later prehistoric land use
of four study areas in the Netherlands was estimated based on the
presence and coverage of Celtic fields. Subsequently, the obtained
values were compared to estimates based on settlement site data. To
map the Celtic fields a novel human-computer strategy was used, in
which automated detection was applied in conjunction with manual
analysis of LiDAR-derived DEM data. This approach can largely over-
come the problems surrounding the incorporation of automated
detection while also ensuring that the archaeological expert remains
involved in the process.

The results of the mapping effort show a substantial increase in the
area of Celtic fields in all study areas, ranging between circa 40 and
113 additional hectares of Celtic field discovered (an increase of factor
1.84 on average). The resulting land use intensity estimates show popu-
lation sizes ranging between 34 and 147 persons for all case study
areas. In comparison, the estimates based on settlement data range
between 80 and 137. This shows that these estimates are in the same
order of magnitude, with variation deriving from (a) differences in
present-day land use and (b) (development-led) research intensity.
Based on this a complementary use seems desirable, although we
would argue that the estimates derived from field system data are more
‘robust’ or reliable due to the fact that these better represent the
extent and scale of landscape usage compared to ‘nodal’ datasets such
as settlement sites or funerary monuments often used.

Using a dataset of Dutch data not yet previously operationalized,
we were able in this study to cross-regionally validate Al-assisted
LiDAR mapping of prehistoric field systems and integrate the results
in a methodological comparison of palaesodemographic modelling
strategies. We thus presented a methodology that has proved its
merit/effectiveness on a small scale, but whose value lies in the
potential to easily scale-up to large areas, where human inspection/
identification becomes impossible. At those scales, Al-assisted map-
ping becomes a necessity for efficient and effective mapping. We
have shown that for regions that have low traditional archaeological
research intensities (rendering traditional approaches based on nodal
data less effective) but where prehistoric embanked field systems are
detectable, reliable palaesodemographic estimates can still be deter-
mined. The main conclusions can thus be summarized as follows:

a. Al-assisted mapping of later prehistoric field systems proved to be
a powerful tool for the identification of later prehistoric land use in

areas where settlement data are scarce.
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b. Palaesodemographic approximations based on field-system surface
area yield usable results (i.e. ranging in the same order of magni-
tude as traditional approaches).

c. Buffer-based polygon methods for palaeodemographic approxima-
tions were shown to outperform nodal approaches (e.g. taking
excavated settlements as proxies), as these proved less reliant on
research intensity and thus better allowed inter-regional
comparisons.

d. For the woodland- and heathland-dominated regions of NW
Europe where field systems are preserved in forms detectable by
LiDAR, Al-assisted detection algorithms are the main (i.e. fast, less
subjective and reliable surface cover indications) strategies to
determine later prehistoric landscape usage.
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