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ABSTRACT

This paper explores the dynamics of village community formation and change during the
earliest Iron Age (¢.500-1 BC) using radiocarbon-based models. A dataset of more than 5000
radiocarbon dates from a study area within the Kage Bay region (East Zealand, Denmark) is
compiled to approach multiple scales of analysis. First, overall spatiotemporal trends in the
settlement record across the study area are examined to contextualise formational and trans-
formative processes. These models show abrupt, significant growth in frequency and spatial
densities of radiocarbon dated settlement from ¢.400/350 BC, consistent with high-tempo
processes of expansion and formation into aggregated community configurations. Modelled
densities peak ¢.300-200 BC and then decrease rapidly, constraining this dynamic of growth,
plateau and reduction to short-duration sequences. Second, site-scale models focusing on
a specific village community within a corresponding timeframe are used to assess temporal
frameworks and changepoints in detail. These models test diverse spatiotemporal frequen-
cies and distinctive properties of several individual farm clusters constituting the village and
consistently suggest significant intra-community variability. The results propose new ways
to look at timings and change-rates in the dynamics of interaction, cooperation and division
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shaping earliest Iron Age village communities.

Introduction

The processes of village emergence and devel-
opment are central to interpretive models of so-
cial organisation during the earliest Danish Iron
Age period (¢500-1 BC, Pre-Roman Iron Age)
(e.g. Becker 1982; Hvass 1983; Rindel 1999; Holst
2010; Runge 2019; Moller and Dollar 2022). Re-
search has focused on chronologies and struc-
tures of individual village sites (Becker 1965,
1969, 1971; Hvass 1985; Rindel 1997; Ejstrud and
Jensen 2000; Runge 2009; Meistrup-Larsen and
Moltsen 2008; Haue 2012; Nielsen 2020); and on
reconstructing timings and patterns of village for-
mation at broader scales (Rindel 1997, 160-170;
Lund 2009; Martens 2010). From this basis, a gen-
eral model has been proposed in which settlement
gradually shifted from dispersed to aggregated
formats, with extensive village formation begin-
ning from the 3™ century BC. This development
is understood as reflecting expanding significance

of communal dependencies, obligations and regu-
lations, defining a framework for long-term modes
of social interaction (Holst 2004b). Consequently,
the village is a key concept in current Iron Age
social models (¢f. Holst 2004b; Herschend 2009;
Odegaard and Ystgaard 2023, 12-16), including
those addressing kinship and inheritance systems
(Holst 2010), land organisation and cooperative
practices (Lovschal and Holst 2015; Nielsen et al.
2018; Fallgren 1993), and social diversity and hier-
archy (Haue 2011; Holst 2014; Sovso 2021).
Previous studies have demonstrated sub-
stantial variation in Iron Age settlement at both
regional and local scales (e.g. Rindel 1999; Ethel-
berg 2003; Webley 2008; Boye 2008; Moller 2011;
Runge 2019), suggesting multilinear trajectories
(Holst 2014, 179; Moller and Dollar 2022). How-
ever, most interpretations continue to converge
on a model presuming gradual changes and long
continuities (Holst 2010, 2014; Hansen 2015, 63;

Boye 2019, 273-279; Sovso 2021; Moller and Dol-
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Figure 1. The Kgge Bay study area in eastern Zealand,
Denmark, and extent of archaeological excavations con-
ducted primarily 2012-2025 (Data by the authors; base
map contains data from The Agency for Climate Data and
the European Environment Agency).

lar 2022). While some studies have indicated more
temporal dynamics (Haue 2023; Egholm Nielsen
2023), the lack of radiocarbon-based analyses has
limited precise and independent qualification.
This paper contributes to addressing these limi-
tations, using statistical modelling of a large radio-
carbon dataset (n=5401) from the Koge Bay area,
Zealand, as a case study (Figure 1). We focus on
the «.500-1 BC period, for which the regional set-
tlement developments remain poorly understood
and interpretations have been strongly shaped by
generalised models (Christensen and Tornbjerg
2009; Martens 2010). Our modelling approaches
explore contexts, timings, rates and durations of
carliest Iron Age village communities at variable
scales across the study area with two interrelat-
ed aims: to identify and constrain spatiotemporal
dynamics in overall settlement densities, assess-
ing whether these reflect extended continuities
or shorter-term, nonlinear shifts; and to examine
interactions between such overall trends and in-

tra-community processes observed at an individual
village scale.

Conceptualising earliest Iron Age village
operational principles

Use of the Iron Age village as interpretive frame-
work has long recognised the composite charac-
ter of the concept, incorporating generalised ele-
ments drawn from an extended time span and
also including later historical and judicial contexts
(Rindel 1999; Holst 2004b, 7-9). Early definitions
of what constitutes a village focused primarily on
morphological criteria, such as minimum numbers
of farms, material indicators of their coexistence
and spatial delineations (e.g. Becker 1987; Kaldal
Mikkelsen 1999). Later work has broadened this
by conceptualising the village not just as an ag-
gregate of specific farm quantities, but as a space
and process through which to study formation of
community (Holst 2004b, 8). This shifts the an-
alytical focus towards relational dynamics, opera-
tionalised through formal relative-chronological
analyses of changes in the physical structures of
individual farms and in relational interplay between
farms, using observed patterns to infer organisa-
tional principles of general significance to social
models (Holst 1997, 2000, 2004a). The opera-
tion of these principles is suggested to have been
conditioned by kinship relations and hereditary
devolution of land within a developed system
of partible inheritance (Holst 2004b, 2010). This
represents a significant shift from the previously
dominant model of the ‘wandering village’, which
assumed that villages developed as cohesive units
in linear, regulated processes (Hvass 1983; Rindel
1999; ¢ Odegaard and Ystgaard 2023, 15). Instead,
this is a bottom-up model that conceptualises de-
velopments as emerging from persistent, multi-
linear modulations and dispersals of individual
farms in the village (Holst 2004b, 181-184). This
emphasises autonomous processes at farm scale,
adopting a biographical approach that identifies
generational life cycles of household units as the
primary generative mechanism in a continuous,
nonsynchronous founding of new farms in the vil-
lage (Holst 2004b, 127; ¢ Gerritsen 1999, 2003).
As a model, this has the potential to capture both
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constitutive and transformative processes of com-
munity (Gerritsen 2006, 2008; Bukkemoen 2015,
2025; Buster 2021). However, applicability of the
methodological framework supporting the specific
use of this model is constrained by the require-
ments of high relative-chronological resolution;
this depends on dense contextual relationships at
site scale, which are rarely available for the early
phases of village formation (¢.500-1 BC) (Holst
2004b, 206). Temporal relations are therefore more
often estimated based on typo-chronological data
and limited radiocarbon dating, effectively reduc-
ing the refinement of the analytical results (Niel-
sen 2015, 101-102; Moller and Dollar 2022, 147).
Equally, the existing frameworks cannot provide
fixed dates to precisely constrain processes or al-
low estimates of their tempo and distribution.

Conditioned by both the physical properties of
the archaeological record and by current concep-
tualisation of village community formation and
development, temporal frameworks are affected in
two main ways: First, while the importance of dis-
tribution and redistribution of land to these pro-
cesses is not in question, the interpretive emphasis
on a sustained impact from a consistent system of
inheritance foregrounds generative and durable
dimensions of community, biased towards slow
change and long continuities (Holst 2004b, 184-
190, 2010, 161). Second, although fluctuations in
frequency and density of settlement — affected by
factors such as conflict, climate and epidemics —
are recognised as important to conditioning trajec-
tories of settled community configurations, their
integration into interpretive models remains as-
sumptions-based (¢ Ejstrud and Jensen 2000, 84-
91; Hansen 2015, 247; Sevse 2020, 89-96). Some
studies have linked village formation to popula-
tion growth and intensifications in organisational
distribution of land from the 5"-4" century BC
(Lund 2009, 193; Haue 2023, 38), but detailed re-
construction of such trends is lacking.

In Eastern Denmark, settlement organisation
during this period is generally thought to have
been low-density and extensive. Village layouts
are described as semi-nucleated, comprising clus-
ters of mostly few and labile farms interspersed
with adjoining fields and pastures (Martens 2010;
Nielsen 2010, 214-220; Hansen 2015, 118-120,
249-250; Runge 2019). Villages could extend over

one or two kilometers, with distances of 100-200
meters or more between farms (Fallgren 1993,
2006, 80-85; Martens 2010, 238). Consequent-
ly, interpretations emphasise processes at farm
scale, in line with current models. However, com-
bined with coarse resolution of the regional house
typo-chronology (Boye 2019; ¢f. Artursson 2005),
this involves schematically linear reconstructions
(Boye 2019, 265-270), assuming extended village
continuities constituted by consecutive farm re-
productions over multiple generational phases and
several centuries.

Temporality and community

Within current archaeological and anthropological
research, community is often conceptualised as
essentially a perpetual process shaped by change-
able properties and products of social interaction
at multiple scales (Yaeger and Canuto 2000; Birch
2012, 2013; Barrier and Horsley 2014; Reese ef al.
2019; Feinman and Neitzel 2023). This provides
a useful framework for exploring social dynamics
at high temporal resolution. The explicit emphasis
on multi-scalar approaches encourages analyses to
range across locally specific and general patterns
and to examine their interconnectedness (Yaeger
2000; Knapp 2003). From this perspective, com-
munity can be approached as constituted through
assemblages of individuals, groups, places and
objects operating at multiple nested and overlap-
ping scales and comprising complex, intersecting
and potentially contradictory interests. Commu-
nity may therefore entail both social constraints
and benefits, may generate tensions and remain
fragile to separative processes (Harris 2014; Knapp
2003; Reese ¢z al. 2019). Studies have demonstrated
that the degree of social and economic investment
in community by individuals and groups is time-
dependent, placing communities in constant flux
(e.g. Birch 2013). Communities are therefore not
closed systems: Their constitutive processes are
instead shaped by both conscious affiliative choic-
es and by complex contextual factors, including
social kinetics generated by changes in popula-
tion and settlement density (Bandy 2004; Feinman
and Neitzel 2023, 3-4). The substantial social and
spatial mobility relating to these processes should
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therefore not be understood as exclusively in-
tra-communal or sustained, but as involving sub-
stantial movement into, across and out of commu-
nal relations at non-constant rates (e.g. Barrier and
Horsley 2014). Comparative syntheses also indi-
cate that a large proportion of settled community
durations were actually short, often spanning only
a few centuries (Bandy and Fox 2010; Bandy 2010;
Crawford ez al. 2022; Scholtus and Muller 2023).
Instead, key temporal dimensions of community
may include fluctuations and impermanence, in-
volving sudden formations, abrupt endings, and
gaps.

These conceptualisations of community have
proven specifically useful when combined with
high-resolution temporal and spatial analyses
based on radiocarbon data (e.g. Banftty ez a/. 2016;
Manning ez al. 2021; Hart and Means 2022; Birch
et al. 2021, 2024; Kim et al. 2025). Such analyses
have included refined identification of intra-com-
munity temporal and social dynamics at individu-
al village scales (eg. Nion-Alvarez 2023a, 2023b).
They have equally addressed questions of com-
munity formation and development across more
comprehensive scales, assessing interrelations
between individual community temporalities and
overall spatiotemporal density trends (Lee and
Hwang 2025; ¢. Contreras 2024). Such interrela-
tions may involve complex variation over time (e.g.
Bevan and Crema 2021). This makes cross-scale
definition challenging. While the record on settled
community configurations spans a continuous
range between general categories of ‘dispersed’
and ‘aggregated’, variation within this continuum
may reflect time-sensitive balancing of interacting
social, economic, technological and environmental
factors (Ortman and Coffey 2017; Gracia-Lazaro
et al. 2024; Vernon and Ortman 2024).

To address such interplay, studies have explored
community fluctuations relating to scalar asso-
ciations between social interaction and demo-
graphic growth, where increasing population den-
sities may generate intra-community social stresses
and tensions. This can lead to social fissioning and
potentially community dissolution in the absence
of developed prosocial and integrative structures,
such as stratification, ritual practices and co-
operative subsistence modes (Johnson 1982;
Bandy 2004; Alberti 2014; Ellyson 2022). Import-

antly, synthesising studies suggest that the conse-
quence of these process dynamics appear to have
cross-cultural and -temporal scope (Bandy 2008;
Feinman and Neitzel 2023; Scholtus and Miiller
2024). Recent studies using large-scale radiocar-
bon datasets indicate fluctuating, short-duration
growth rate modes each spanning few centuries of
alternating positive and negative growth affecting
settlement demographics, including across South
Scandinavian contexts (Lima ef a/. 2023; Kondor
et al. 2023, 2024; Friman and Lagerds 2022; Lofts-
garden and Solheim 2023). While such fluctuat-
ing modes would likely be influenced by diverse
context-specific factors, they may therefore also
reflect broader conditioning trends with profound
implications for social dynamics of cooperation
and competition across local and regional scales.
Overall, the empirically observed cross-scale pat-
terns of cyclical fluctuations in settlement demog-
raphy and densities would fit with recurring im-
pacts by endogenous factors such as social stresses
and conflicts within and between communities,
likely linked to underlying effects from shifts in
subsistence intensification and carrying capacity
and occurring in interplay with impacts from exo-
genous factors such as climate (Lima ez a/. 2023; f.
Kondor ¢# al. 2024).

Addressing questions about the relationship
between local and broader-scale modes of com-
munity formation and operation requires high
spatial coverage combined with precise tempo-
ral correlation across flexible analytical scales
(Yaeger and Canuto 2000, 9-11; Kowalewski 2008;
¢ Bevan and Crema 2021; Manning ez al. 2021; Lee
and Hwang 2025). The intense settlement samp-
ling and radiocarbon dating within the Koge Bay
area, together with the previously indetermined
temporal framework for earliest Iron Age village
community formation and change processes in
the region, makes it well suited for detailed case
study. A precise understanding of the temporal
frameworks of earliest Danish Iron Age village
communities — incorporating general spatiotem-
poral aggregation and density trends — is crucial
for evaluating settlement and social models. This
paper explores these frameworks within the study
area ¢.500-1 BC using radiocarbon-based models.
The approach integrates middle-range and local
scales through two stages: 1) modelling of overall
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Figure 2. Distribution of radiocarbon dated
samples by sites and the extent and geo-
logical character of the study area. The lo-
cation of the Kildebrgnde site to the north
in the study area is marked by red square
(Data by the authors; base map contains
data from The Agency for Climate Data and
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radiocarbon densities to examine spatiotemporal
modes and changepoints in sampled settlement
across the study area; and 2) Bayesian modelling
of the Kildebrende site to test corresponding dy-
namics and make inferences about their social im-
plications at intra-community scales.

Materials and methods

The analysis uses 5401 georeferenced radiocarbon
dates comprising all dated samples from settlement
contexts within the study area with measured ages
ranging from 3000 to 900 BP (Figure 2). The tem-
poral range extends beyond the period of focus both
to mitigate edge effects on initial data evaluation and
to contextualise short-term density changes within
longer-term Iron Age dynamics in the first analytical
stage (¢~ Crema and Bevan 2021, 30). The second an-
alytical stage uses a local subset of the data.
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The dataset is almost exclusively sourced from
development-led excavations conducted be-
tween 2012 and 2025, reflecting a recent pro-
gram of consistent, large-scale and quasi-ran-
dom settlement sampling and radiocarbon
dating. The case-study area covers Greve, Sol-
rod and parts of Kege municipalities. The nat-
ural terrain is dominated by ground moraine,
alternating with stretches of coastal marshland
and bogs. The inland delimitation follows nat-
ural landscape boundaries, marking a transition
to higher ground undulating moraine terrain,
while the northern and southern limits are
defined by prominent lateral erosion bounda-
ries. Although compact in size, the study area
encompasses substantial diversity in geologi-
cal morphology, ecology and resource poten-
tials, supporting a range of prehistoric settle-
ment and subsistence strategies (Nielsen 2009;
Kristensen and Tornbjerg 2009, 30-34). This
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Sample type Radiocarbon

dates (n)
Charcoal 1282
Grain 4075
Grain/charcoal (bulk sample) 1
Grains (bulk sample) 2
Other charred 11
Other uncharred 2
Plant charred 10
Plant uncharred 1
Seed charred 10
Wood uncharred 7
Total 5401

Table 1. Number of radiocarbon dates by sample type.

diversity is usefully represented in the archaeo-
logical sample of excavated sites.

Only macrofossil samples are included in the
radiocarbon dataset. The primary sample types
are single-entity carbonised grain or seed and
wood charcoal, with other sample types contri-
buting only marginally (Table 1). Sampled contexts
primarily comprise postholes associated with re-
mains of houses and other post-built structures,
but also include pits, firepits and ditches. Several
source-critical, methodological and interpretive is-
sues may affect the radiocarbon data and model-
ling applications employed in this paper, both
those targeting spatiotemporal density trends
across the study area and those addressing the site
scale. Two fundamental archaeological concerns
are 1) sampling error, resulting from random or
systematic biases affecting the formation, preser-
vation and investigation of samples suitable for
dating from certain contexts and periods of time
(e.g. Brown 2015; Crema and Bevan 2021, 23-27),
and 2) the association between dated samples and
the activities targeted by the dating (Waterbolk
1971; o Bayliss 2009). The latter comprises a spe-
cific set of issues in the case of radiocarbon-dated
macrofossils from predominantly post-built and
largely unstratified Danish Iron Age settlement
contexts. These settings impose relatively weak
contextual checks on the calibrated dates of indi-
vidual samples, meaning that residual or intrusive
samples, as well as intrinsic sample age, may intro-
duce additional uncertainty (e.g. Hansen 2015, 54-

59; Torfing 2019). The present dataset, however,
derives from an extensive, iterative and deliberately
non-discriminatory sampling and dating strategy
across the study area, generally involving system-
atic repeat sampling, In all recorded house con-
texts, for example, this generally involved samp-
ling all roof-supporting postholes as a minimum,
with a minimum of three radiocarbon dates rou-
tinely sought per house, subject to sample suita-
bility. The unified sampling strategy and density
of radiocarbon data may help establish a baseline
for accounting for some inherent issues. We apply
current research standards, specified in the sec-
tions below, to help mitigate remaining sources of
potential bias.

Calibration and analysis of the radiocarbon
data use the rearbon (1.5.2) package (Crema and
Bevan 2021) in R (R Core Team 2026), OxCal
(4.4.4) software (Bronk Ramsey 2009a) and Int-
Cal20 calibration data (Reimer et al. 2020). All data
and model codes are provided as supplementary
material.

Radiocarbon modelling of study area
settlement dynamics

Overall study area dynamics are analysed using
summed probability distributions (SPDs), com-
posite Kernel Density Estimation (cKDE), simu-
lation-based model testing of SPD results and spa-
tiotemporal Kernel Density Estimation (stkde), all
implemented in rarbon (Supplementary mater-
ial SM1). The analyses follow recent advances in
methodologies relating to analysis and inference
using large radiocarbon datasets (Crema 2022;
Palmisano 2023), including spatiotemporal ap-
proaches (e.g. Chaput et al. 2015). The specific da-
ta-sourcing and proportion of short-lived samples
ensure robust contextual and temporal links be-
tween dated samples and target events in overall
settlement activity (Brown and Crema 2019; Lipo e7
al. 2022). The spatial distribution of dated samples
is biased by variable excavation intensities. How-
ever, the numbers of samples at individual site
level are in principle uniformly scaled relative to
extent of excavation and quantity of archaeco-
logical contexts, functionally reducing bias by
heterogeneity in sample sizes. To nevertheless
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Figure 3. Summed probability distributions (SPDs) of all radiocarbon dates. Comparison of SPD results including all sam-

ples and exclusively short-lived samples.

formally control bias from inter-site hetero-
geneity in date intensity, dates from individual sites
were assigned to synthetic site-phase bins (h=25
years; cf. supplementary Figure S3.1) (Timpson
et al. 2014). To mitigate calibration effects dates
were not normalised (Wenninger e a/. 2015), and
SPDs were smoothed using a 100-year running
mean. To control potential offsets from inbuilt age
of charcoal and (few) other potentially affected
sample groups, separate SPDs were constructed for
1) the full dataset and 2) only short-lived grain and
seed samples (Figure 3). Pearson correlation co-
efficient testing shows very high correlation, indi-
cating negligible impact of age offsets (Table 2).
The complete dataset is therefore used in subse-
quent analyses.

First, a cKDE was produced to assess robust-
ness of SPD patterns. A kernel bandwidth of 50
years was used and the cKDE was generated using

bootstrapping (n=1000 simulations) fora 95% con-
fidence envelope (McLaughlin 2019). The method
addresses potential biases introduced by sampling
error (through random draws and replacement of
sample subsets from the input data), chronological
uncertainty (through sampling one calendar date
from each calibrated probability distribution and
estimating the Gaussian kernel density of these
sampled ages) and calibration effects (through
KDE smoothing), all of which can affect SPDs
(McLaughlin 2019, 483-484; ¢ Brown 2015, 2017;
Bronk Ramsey 2017; Carleton and Groucutt 2021;
Heaton et al. 2025). Second, the statistical signi-
ficance of frequency fluctuations in the empirical
SPD was evaluated using the rcarbon modelTest()
function. This involved testing against a logistic
growth-and-plateau model fitted to the observed
SPD, with a 95% model envelope generated by
Monte Carlo simulation (n=1000) (Shennan ez al.

Pearson Correlation Coefficient

3000-900 BP

Short-lived samples (n = 4096)

All samples (n = 5401)

0.96*

2800-2000 BP

Short-lived samples (n = 1570)

All samples (n = 2121)

0.98**

*1(df) = 2099, p = < 2.2e-16; ¥r(df) = 799, p = < 2.2¢-16

Table 2. Correlation tests of radiocarbon dated samples SPDs: All samples against subsets of short-lived samples exclu-
sively, both for the extended time range of the dataset and covering the time range of analytical focus.
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2013; Timpson et al. 2014). Here, this model was
used to represent current theoretical expectations
for Danish Iron Age settlement levels, including
initial Early Iron Age (500 BC-AD 150) growth to
a potential Late Iron Age (AD 150-750) inflection
point (Hansen 2015, 246-255; Sovse 2022). Third,
to examine potential local-scale heterogeneity in
density fluctuations and changepoints within the
formative phase of early village operation (¢.500-
1 BC), the rearbon stkde() function was used to
compute spatiotemporal kernel density estimates
(Collard ez al. 2010) for the subset of radiocarbon
data covering this timeframe. Spatial and temporal
bandwidths of 500 m and 30 years, respectively,
were used. The spatial object for density mapping
was produced with the spatstat package (Baddeley
et al. 2015), and focal intensities and density change
rates were visualised as 50-year time slices.

Bayesian chronological modelling of vil-
lage-scale dynamics

To detail temporal frameworks of village for-
mation and development at the scale of an indi-
vidual community, several Bayesian models were
produced in OxCal using radiocarbon dates from
the Kildebronde site (Supplementary material
SM2). The modelling utilises all radiocarbon dates
(n=374) relating to the earliest Iron Age contexts
at the site, predominantly sampled from postholes
associated with house remains. The earliest Iron
Age phase comprises the remains of 127 record-
ed houses, along with ditches and several hundred
pits. Of these 127 houses, 88 are assigned to the
phase based on one or more radiocarbon dates
(with individual house contexts mainly represent-
ed by three to six dates), comprising all houses
within the phase assemblage for which suitable
sample material was available for radiocarbon dat-
ing. The remaining 39 houses were sampled in
accordance with general sampling routines, but
yielded no suitable samples and are therefore as-
signed to the phase based on typology and spatial
location. Within the site boundaries, very few con-
texts predate the earliest Iron Age phase, compris-
ing scattered pits dating to the Neolithic (#3900-
1700 BC) and Bronze Age (.1700-500 BC), while
a limited number postdate it, comprising the

remains of a few houses all associated with a soli-
tary, spatially isolated farm dated to the Late Iron
Age. The risk of potential biases in the radio-
carbon dataset arising from residual or intrusive
sample material associated with earlier or later
activities at the site is therefore reduced.

The archaeological information for the mod-
elling framework includes spatial definition and
interrelation of sampled contexts. In the period
in focus, each longhouse represents the nexus of
an individual farm-unit, combining habitation and
stable/storage functions; farm units may addition-
ally include one or more smaller utility buildings
(Hvass 1985, 130; Runge 2009, 65). Based on com-
parative reference the analysis defines longhouses
by a roof-bearing construction of =7 m in length,
and utility buildings by <7 m (Hvass 1985, 99; Rin-
del 1997, 95-102; Ejstrud and Jensen 2000, 51-56;
Runge 2009, 60-69; Haue 2012, 143; Donat 2018,
99-107; Boye 2019, 119-127). Farm unit clusters
were delimited by spatial analyses of all radio-
carbon dated houses (n=88) relating to the phase,
implementing Kernel Density Estimation (KDE)
heatmapping (Baxter and Wright 1997) and the
Density-based spatial clustering applications with
noise algorithm DBSCAN (Ester ef a/. 1996). The
KDE algorithm estimates the kernel density of
vector layer points in space based on a specified
spatial bandwidth parameter and visualises vari-
ations as a smoothed surface. DBSCAN is a clus-
tering algorithm that can assign discrete points to
clusters based on specified minimum cluster size
and maximum distance between points; the ana-
lysis adds new columns to the vector layer that
identifies resulting cluster field name (CLUS-
TER_ID) and cluster size (CLUSTER_SI). Here,
we used 50 m kernel bandwidth for the KDE and
minimum cluster size 3 with maximum distance
50 m for the DBSCAN analysis. The resulting
cluster identifications were used as analytical units,
here termed Farm clusters. Ten Farm clusters
were identified, each comprising a combination
of longhouses and utility buildings, and collective-
ly including all 88 radiocarbon dated houses, as
well as encompassing all 39 houses with no radio-
carbon dates (Figure 4). Within the cluster delimi-
tations, accumulated house phases often overlap,

but very rarely provide relative sequence informa-
tion (Figure 5). A ditch (A1103) lies between Farm
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Figure 4. Kildebrgnde Farm clusters identified by point cluster analyses in QGIS using KDE heatmapping and the DBSCAN
algorithm applied to all radiocarbon dated houses. DBSCAN results are categorised by point colours according to the ge-
nerated CLUSTER_ID. Farm clusters are designated 1 to 12, since two clusters (3_4 and 5_6) have relatively dispersed
densities and ambiguous delimitations in the KDE analysis; both are defined by the DBSCAN analysis. DBSCAN does not
identify Farm clusters 1 and 2 as separate; here, the KDE identification is confirmed by ditch A1103 located between them.
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., .

Figure 5. Examples of Farm clusters: (a) Farm clusters 1 (bottom) and 2 (top) divided by Ditch A1103; (b) Farm cluster
3_4; (c) Farm cluster 8; (d) Farm cluster 10. Houses located in the vicinity of defined Farm clusters, but not forming part
of them according to the spatial analyses, are shown to visualise the wider contexts, but dimmed.

clusters 1 and 2 and is related to both by radiocar-
bon dating. Numerous pits of various types show
structured accumulation in unbuilt spaces between
Farm clusters and similarly relate to the general
timeframe of the earliest Iron Age phase. Finally,
this phase comprises assemblages of ceramics and
animal bone, deposited mainly in the pits, as well
as structures and finds of iron and clay slags rep-
resenting localised iron production.

The Farm clusters form the primary relation-
al contexts for grouping of radiocarbon-dated
samples. A bounded-Phase uniform Bayesian
model was constructed for each Farm cluster.
Dated houses were nested as unbounded Phases
in their respective Farm cluster models. Where at
least two dates were available for a house (n=72),
the OxCal First and Last functions estimated con-
struction and abandonment. A separate model was
built for ditch A1103.

To formally assess the consistency of all short-
lived samples with model parameters outlier ana-
lysis was used in all component models, applying
the OxCal General Outlier model with a 5% prior

probability (Bronk Ramsey 2009b). To address the
intrinsic age of wood charcoal samples, the Chat-
coal Plus Outlier model was applied with a 100%
prior probability, allowing for a small proportion
of samples to be slightly more recent than mod-
el parameters to account for statistical uncertainty
and uncontrollable taphonomic processes (Dee
and Bronk Ramsey 2014). For samples with a meas-
ured age of 22700 BP the After() command was
used as a conservative post guem cut-off, in practice
only applying to a proportion of charcoal samples.
Significant posterior outliers (=10%) calculated by
the General Outlier model were specified Outlier()
in revised Model 2 versions. In all Model 2 runs,
only minor posterior outliers (<10%) were identi-
fied and were retained.

The radiocarbon measurements included in the
component models fall across a part of the Int-
Cal20 calibration curve affected by a reversal ¢.350-
200 cal BC, which could potentially bias the mod-
elled probability distributions. We therefore ran a
series of simulations across all component models
to test the sensitivity of our results to such bias. The
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posterior distributions from these simulations indi-
cate that the final model outputs reported below
are reproducible and accurate within their quot-
ed uncertainties (¢ Supplementary material SM2,
Supplementary Figures S2.1, S2.2 and Table T2.1).

Results

Spatiotemporal density patterns in the
Koge Bay region

Figure 6 shows results of the cKDE modelling
and SPD with model testing spanning 800 BC-AD
1000. Essentially, the cKDE (Figure 6a) and SPD
(Figure 6b) results identify corresponding over-
all trends across the timeframe, while the cKDE
incorporates calibration and sample size uncer-
tainties and reduces calibration-curve artefacts.
The evidenced trends represent distinct growth-
and-decrease cycles, including gradual growth
after ¢.800 BC; steep, short-duration growth from
¢.400 BC, peaking ¢350/300-200 BC and followed
by a decrease; a trough around the BC/AD transi-
tion; a peak ¢ AD 200-500; and a significant, sud-
den drop «.AD 550.

In the test of the empirical SPD against the
fitted logistic growth model, the growth episode
starting 400 BC remains within the 95% enve-
lope of the model expectation until #.350 BC, after
which it involves significant positive deviation to a
plateau between ¢300 and 200 BC. While substan-
tial, the decrease from ¢.200/150 BC remains with-
in the model envelope and appears gradual com-
pared to the immediately preceding growth as well
as to the abrupt decrease and negative deviation
from the model after . AD 550. In the wider con-
text of Iron Age settlement dates, the increase for
the ¢400-350/300 BC period stands out as a sin-
gular episode of abrupt, significant growth relative
to the short duration of this period. This growth
in radiocarbon date density indicates a significant
expansion in the sampled settlement activity. The
derived density change rate (Figure 6¢) supports,
that this expansion phase does in fact represent
a very short-duration impulse, with the interval
of statistically significant, positive deviation con-
strained to «375-300 BC, approximating a maxi-
mum of three to four generations. Furthermore,

the rate of change appears negative just prior to
this during the 5" century BC and again for much
of the 1% century BC.

The spatiotemporal KDE (stkde()) modelling
(Figure 7, ¢ supplementary Figure S3.2 in SM3)
supports evaluation of any local-scale hetero-
geneityin the collective radiocarbon density trends
across the study area for the focal period 550-1
BC. This produces three significant observations.
First, the dynamic of significant and rapid radio-
carbon-date densityincrease in sampled settlement
¢.400-350/300 BC is broadly distributed, with
several near-synchronous density kernels across
the area for the time-slices covering this short
temporal range. Accordingly, the inferred density
growth in the settlement sample has substantial
spatial extent and relative homogeneity across the
area, with the onset of this growth consistently
estimated to ¢.400-350 BC. Second, focal inten-
sities within these primary density kernels remain
relatively high after the initial growth phase, but
are then substantially affected by negative rates
of growth from ¢350/300-250 BC; again, local
onsets of negative rates are constrained to a con-
sistent, narrow timeframe, indicating near-syn-
chronous dynamics across these local scales.
Third, while the temporally primary density ker-
nels consistently show negative growth rates af-
ter ¢.300/250 BC, some smaller density kernels
of positive growth emerge in their periphery af-
ter ¢.200/150 BC. These episodes of temporally
secondary growth are spatially limited, but show
fine-grained local variability within the general
patterns.

Overall, the rapid growth in radiocarbon-dat-
ed settlement density across several local kernels
¢.400-300 BC is consistent with a high-tempo and
spatially broad-scale process of settlement aggre-
gation into nucleated configurations of commu-
nity. The observed trends suggests that this was
significantly generated by a short-duration impulse
of effective growth and expansion, not only or pri-
marily by organisational reconfigurations impact-
ing the degree of spatial clustering in settlement.
While the general trend of stagnant and negative
growth rates after ¢300/250 BC contains some
underlying local-scale variation, the patterns of
decrease in the spatiotemporal densities of sam-
pled settlement appear robust overall.
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Figure 6. Results of (a) cKDE modelling, (b) SPD against logistic model test, and (c) rate of change (ROC); modelTest()
function summary: n radiocarbon dates = 5401, n bins = 1143, p-value = 0.001.



DANISH JOURNAL OF ARCHAEOLOGY 2026, VOL 15, 1-36, https://doi.org/10.7146/dja.v15i1.167728 13

550 BC 550 BC 500 BC 500 BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
% ' $ '
£ m E £ CD E
- T - T
o o
™ ™
1 1
450 BC 450 BC 400 BC 400 BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
3 ! e !
[} (0]
™ ™
1 1
350 BC 350 BC 300 BC 300 BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
S v | 3 v !
1 ]
[} y (0]
£ ' E £ ’ E
o o
™ ™
1 1
250 BC 250 BC 200 BC 200 BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
[To] To]
i | 3 > |
) (0]
- T - T
™ ™
1 1
150 BC 150 BC 100 BC 100 BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
0 To]
3 ' 3 '
[} t 0]
- T - T
| ™ ™
1 1
50 BC 50 BC 0BC 0BC
Focal Intensity Focal Change (50 yrs backsight) Focal Intensity Focal Change (50 yrs backsight)
0 I 0 I
o o
] s ]
[} (0]
b 4 4
£ o o r
7 i

Figure 7. Spatiotemporal KDE modelling of the settlement radiocarbon data across the earliest Iron Age timeframe in
50-year time slices. Focal Intensity panels show spatiotemporal intensities for each focal year. Focal Change panels show
spatial patterns of density change for each focal year relative to 50 years before.
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Village-scale dynamics

Key results of final Bayesian models of the Kilde-
brende data are summarised in Table 3 (¢ supple-
mentary Figures $3.3-83.13). All models result in
acceptable diagnostic values (Agreement =60%,
Convergence 295%), indicating consistency be-
tween the data and model parameters as well as
robust results (¢ Bronk Ramsey 1995, 2009a).
Temporal interrelations of model Boundary
estimates for the start and end of each Farm clus-
ter are calculated with the OxCal Order function
and ordered probability distributions are shown in
Figure 8. The formation and abandonment of in-
dividual Farm clusters were generally asynchronous
events, although with overlapping probability rang-
es in several cases. The formations likely begin with
Farm cluster 7 in 395-234 cal BC (95.4% probability,
start: Farm cluster 7), and probably in 397-314 cal BC
(68.3% probability); abandonments likely end with
Farm cluster 8 in 783-117 cal BC (95.4% probability,
end: Farm cluster 8), and probably in 777-144 cal BC
(68.3% probability). The estimates for Farm cluster
formations suggest that three or possibly four clus-
ters coexisted from the mid-late 4™ century BC, indi-
cating village community formation from this time-
frame. The use of several more clusters overlapped

OxCal v4.4.4 Bronk Ramsey (2021); r:5

through much of the 3" century BC, in some cases
continuing into the eatly 2™ century BC (¢ Date
estimates in Table 3). Estimates for the abandon-
ments of Farm clusters closely overlap toward the
end of the community duration (Farm clusters 11,
10, 9, 8, possibly 12). However, abandonments of
some Farm clusters (2, 1 and 5_0) are significantly
earlier than formations of most recent clusters (9,
11, probably 12). While this suggests complex inter-
play of independent Farm cluster formation
and abandonment, KDE_Plot summary (Bronk
Ramsey 2017) of modelled dates from the clusters
(Figure 9) confirms partial or near-complete co-
existence of several of them, including a collective
peaking constrained to the timeframe ¢.300-200 BC.
The model distributions for ditch A1103 correspond
with those for Farm clusters 1 and 2 on either side
of it. Farm clusters 9, 11 and probably 12 belong to
a slightly later phase in the first half of the 2™ cen-
tury BC. Farm clusters 9, 11 and 12 are located at
the northern edge of the surveyed context, indicat-
ing spatial reorganisation across the final communi-
ty phase, including partial abandonment of initially
central areas. However, there are no indications of
changes simultaneously and universally affecting
overall organisational developments or the struc-
turing of coexisting Farm clusters. Instead, changes
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Figure 8. Boundary estimates for the start and end of each Farm cluster from individual Farm cluster models. All start
Boundary estimates are colour coded green, while all end Boundary estimates are coded red. The temporal interrelations
of the parameters are calculated using the OxCal Order query command.
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Component 68.3% hpd 95.4% hpd Indices
* start Date end Span start Date end Span
'ig Bound- estimate Bound-  esti- | Bound- estimate Bound- esti-
| ary (BC) ary  mate | ary  (BC) ary(BC) mate
(BC) BC) (years) | (BC) (years)
Farm cluster | 1 301-255 280-238 | 267-224 | 0-47 [ 404-380 | 309-209 | 278-198 | 0-117 | A_ =802
1 (2.7%) (94.4%)
329-230 143157 A =80.8
(92.7%) (1%)
Farm cluster | 2 | 350-290 322-275 | 296-237 | 0-71 383-282 | 338-187 | 305-163 | 0-168 | A__ =81.1
2 (58.4%) (54.5%) (87.8%)
220202 | 214-192 256-213 =64
(9.9%) (13.8%) (7.6%)
Farm cluster | 2 | 324-280 292-274 | 253-185 | 0-81 371212 | 325-191 | 289-169 | 0-156 | A_ =909
3.4 (34.5%) (14.7%)
268-224 260-208 A =828
(33.8%) (53.5%)
Farm cluster | 2 | 304-251 283-233 | 255209 | 0-55 [ 331-226 | 303-209 | 279-195 | 0-105 | A_ ,,=100.5
56 A ,=1003
Farm cluster | 1 391-314 330-259 | 272-242 | 58-163 | 395-234 | 366-175 | 311-135 | 23-213 | A_ =948
7 (40.5%) (13.7)
247-197 | 202-150 A =878
(27.8%) (54.5)
Farm cluster | 2 | 354-332 325-322 | 171-144 | 60-123 [ 397-316 | 370-155 | 183-117 | 53-253 | A_ =767
8 (12.2%) (1%) (55.3%) | (30.6%)
278-231 271-162 172-202 | 304-326 A =615
(56.1%) (67.3%) (13%) | (64.8%)
Farm cluster | 2 | 200-175 191-162 | 185-145 | 0-34 | 218-161 | 205-130 | 194-102 0-83 | A =1569
9 e = 1569
Farm cluster | 1 381-326 343-294 | 193-125 | 37-102 | 390-215 | 364-156 | 330-245 | 22-234 | A_ =942
10 (51.3%) (22%) (43.2%) (20.3%)
260-231 250-172 153-204 199-101 e =875
(17%) (46.3%) (25.1%) (75.1%)
Farm cluster | 2 | 204-179 194-169 | 186-157 | 0-26 | 340-330 | 337-325 | 333-319 0-53 A 1418
11 (3.3%) (4%) (4.1%)
214-169 | 204-152 | 199-135 A T1446
(92.2%) | (91.5%) | (91.3%)
Farm cluster | 2 | 350-329 340-320 | 330-312 | 0-49 | 375-316 | 353-293 | 340-289 | 0-128 A 971
12 (19.5%) (16.5%) (13.3%) (30.1%) | (25.8%) | (23.1%) | (90.5%) A, =998
226-185 208-167 | 193-145 269-172 | 249-129 | 200-90 | 158-218
(48.8%) (51.8%) (55%) (65.3%) | (69.6%) | (72.3%) (5%)
Ditch A1103 | 1 338-287 321-276 | 307-268 | 0-57 | 367-204 | 349-176 | 319-129 | 0-146 | A__ =1058
(39.8%) (33.7%) (27.1%)
256-212 | 241197 | 225-172 A, =1062
(28.4%) (34.6%) (41.2%)

* Indicates whether the parameters are derived from the Model 1 run or from a revised Model 2 run incorporating the

results of formal outlier analysis.

Table 3. Key results from Bayesian component models: Start and end Boundaries, Date estimates and Span estimates
for each Farm cluster and for Ditch A1103.
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OxCal v4.4.4 Bronk Ramsey (2021); r:5

KDE_Plot—Farm—clusten—1-(n=27)
KDE_Plot_Farm_cluster-2-(n=38) ——
KDE_Plot_Farm_cluster;-3—4-(n=55)
KDE_Plot_Farm_cluster-6—6-(n=52) ———
KDE_Pjot_Farm_cluster-7-({n=41) e e T
KDE_PJot_Farm_cluster-8-(n=78)
KDE_PJot_Farm_cluster-9-(n=16)
KDE_Pjot_Farm—cluster—10-(n=30) ————
KDE_Pjot_Farm_cluster|_11 (n=16)
KDE_Pjot—farm—cluster—12-(n=13)

-600 -550 -500 450 -400 -350 -300 -250 -200 -150 -100 -50 0

Modelled date BC

Figure 9. KDE_PIlot summaries of modelled radiocarbon dates from individual Farm cluster models. The n values in bra-
ckets show numbers of modelled radiocarbon dates in each component model.

appear generated by dynamics at Farm cluster scale.
Importantly, Farm clusters show sustained internal
use within their respective spans.

The overall duration of the village community
is estimated to 67-261 years (95.4% probability, dif-
ference: Farm cluster 9, Farm cluster 7), and probably
141-237 years (68.3% probability), corresponding
roughly to a maximum of ten generations (based
on a 25-year generation) (Figure 10). Span esti-
mates for individual Farm clusters vary, but indi-
cate mostly short durations, in several cases cor-
responding to only two to three generations (at
68.3%, ¢f. Table 3). Although some early clusters
(7, 8 and 10) have long durations, none were in use
for the full duration of the overall village context.
Span estimates for individual houses are typical-
ly short and generally consistent with short use-
durations probably not above one to two genera-
tions (¢. supplementary Figure S3.14).

OxCal v4.4.4 Bronk Ramsey (2021); r:5

The models demonstrate marked synchronic dif-
ferences in the intensity of nucleation between
Farm clusters. The highly nucleated Farm clus-
ters (especially 1, 2, 7, 8 and 11) are constitut-
ed through maintained use of delimited spatial
plots within the village community. The struc-
turing of space into defined habitational clusters,
adjoining pit-areas and dynamically maintained
buffer-zones is consistent with communal ne-
gotiation, while construction of a ditch between
two Farm clusters shows constrained instances
of specific cooperative efforts. However, plot
frameworks were apparently not supported be-
yond the durations of uninterrupted renewal of
the farms constituting them; as shown, durations
were typically short-term. Importantly, the dura-
tions of the highly nucleated clusters suggest that
they would likely in some cases comprise two or
more contemporaneous longhouses (ze.: Farms).

——
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Figure 10. Estimated temporal Span of Kildebrgnde village community and individual Farm clusters. The total village
community span is calculated as the difference between the estimated end of Farm cluster 9 and start of Farm cluster 7.
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Figure 11. KDE_Plot summaries of First and Last estimates for houses from individual Farm cluster models. The n values
in brackets show the total numbers of modelled houses as well as the numbers of longhouses and small houses by cate-

gory. Crosses show median values of date estimates.

The dispersed clusters (especially 3_4 and 5_06)
display shifting farm building locations and lay-
outs, implying independent relocations of farm-
steads at likely generational scales or occasional
reproductive discontinuities.

KDE_Plots of First and Last estimates for
72 dated houses (56 longhouses and 16 small
utility buildings for which at least two radiocar-
bon dates are available in final models) clarify
house and farm building and abandonment fre-
quencies (Figure 11). Building frequencies rise
rapidly, peaking before 250 BC, followed by
decline. Abandonments increase shortly after
200 BC, reflecting the intrinsic delay relative to
the building distributions. Temporal distributions
of utility buildings show they were present in
some farms from the earliest phases, indicating
complex farm-unit economies from the outset of
community formation. When densities of First
and Last estimates are examined by Farm clus-
ter (Figure 12), greater variability emerges. In
some clusters, building and abandonment events
are tightly grouped; in others, they extend across
longer intervals. This pattern does not appear
to simply reflect Farm cluster durations or the
varying numbers of (dated) buildings they con-
tain, as there is no straightforward correlation
between the cluster durations and the numbers
of buildings contained within the clusters. Fig-
ure 12 shows, instead, how the aggregate patterns
of farm building and abandonment mask under-
lying differences in the timing and tempo of
these events between individual Farm clusters.
Rather than following a common developmental
trajectory, it appears that Farm clusters experi-
enced episodes of building and abandonment at

different rates, indicating considerable autonomy
in the organisation and reproduction of these
units within the village community.

The diversity evident in the timing, tempo and
intensity of building and abandonment is also
reflected by patterns in the distribution of pro-
ductive activities across Farm clusters. Figure 13a
maps house sizes, density of grain finds volumes
in samples, distribution of ceramics and animal
bone finds, and records of specialised iron pro-
duction. Farm cluster 8 stands out: It combines a
high proportion of large longhouses, high densi-
ties of ceramics and animal bone finds, high densi-
ty of grain finds and exclusive evidence of iron
production. Although Farm cluster 8 may like-
ly have had marginally longer duration than any
other cluster, only the densities of ceramics and
bone finds should be directly time-dependent
by accumulation; iron production activities are
evidenced in cluster 8 from around the mid-3"
century BC (Figure 13b). Other clusters show
lower relative values in comparison, although
some northern Farm clusters (especially 10 and
12) include relatively high densities of ceramics
and bone finds and some above-average long-
house sizes. As shown, these northern clus-
ters belong to the late phase of the overall site
duration. The collective patterns therefore sug-
gest relatively high and diversified productivi-
ty and consumption within Farm cluster 8 and
could indicate variable socioeconomic capabili-
ties across Farm clusters overall.
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Figure 12. KDE_Plot summaries of First and Last estimates for houses by Farm cluster. The n values in brackets show the
total numbers of modelled houses and (longhouses) in each Farm cluster; Farm clusters that have a single value comprise

longhouses exclusively.

Discussion

The radiocarbon modelling determined signifi-
cant spatiotemporal density fluctuations in sam-
pled settlement across the Koge Bay case study
area and provided resolved date estimates of
formation, use and abandonment at the scale of
several individual Farm clusters constituting vil-
lage community at Kildebronde. The combined
results supply a basis for exploring the interplay
between broader trajectories and processes with-
in the individual community. It is a key strength
that the analyses are formalised and reproducible,
and quantify uncertainties. Potentially, the ap-
proaches could be replicated including compara-
ble datasets from other regions, enabling precise
correlation and qualification from absolute date
estimates. The volume and spatial density of the
radiocarbon dataset used here is robust even in
comparison with wider supra-regional studies (e.g.
Bunbury ez al. 2023; Winther Johannsen ez al. 2024).
While inference of population levels from densi-
ties of radiocarbon dates entails complex prob-
lems (eg. Crema 2022; Freeman ef al. 2018; Tal-
lavaara and Jorgensen 2021), tests show that such

densities may come close to a proxy of settlement
counts (Crema ez al. 2024; ¢f. Crema and Kobayashi
2020; Codding et al. 2024; Bilotti 2025).

The density models produced here suggest
rapid growth in the frequency and spatial density
of radiocarbon-dated settlement, beginning ¢.400-
350 BC and consistent with a short-term episode
of expansion and aggregation. After ¢.300 BC this
growth episode was replaced by generally stagnat-
ing rates, and from ¢200-150 BC negative growth
trends emerged, although including complex
local diversity with a horizon of secondary densi-
ty kernels occurring from around this same time-
interval. The high rate and short duration of the
growth episode constrained to ¢400/350-300 BC
is a central finding. The identified dynamics appear
clearly nonlinear and raise new questions concern-
ing the contexts, factors and processes shaping vil-
lage community trajectories within the period.

Bayesian models of the Kildebrende context
evidence rapid formation from the early-mid-
dle 4™ century BC into several clustered, variably
coexisting farm units to constitute a village com-
munity. From around the mid-3" century BC, se-
quential spatial shifts are evidenced: Central Farm
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clusters were abandoned and new clusters estab-
lished further north; the community finally dis-
solved through rapid sequential abandonments
during the mid-2" century BC. As some Farm
clusters were abandoned and others established,
contexts and contents of social interaction would
have continuously shifted over the relatively brief
overall community duration. The timings and rates
of formation, operation and abandonment pro-
cesses correspond with broader study area trends,
suggesting that they reasonably represent a robust
sample of village-scale dynamics within this area.

Contextualising earliest Iron Age village
community formation and change in the
Kage Bay region

The dynamics in radiocarbon-dated settlement
across the study area show nonlinear trends con-
sistent with broader southern Scandinavian pat-
terns. Recent analyses similarly point to oscillating
densities in settlement-derived radiocarbon data
at regional scales (e.g. Friman and Lageras 2022;
Loftsgarden and Iversen 2023) alongside labile,
locally diverse community configurations (Iversen
2020; Moller and Dollar 2022; ¢ Gjerpe 2024b).
The proposed onset of dense settlement aggrega-
tion from ¢.400-350 BC appears earlier and more
rapid than suggested in most previous studies,
which generally place these processes from ¢.250-
200 BC (Webley 2008, 26; Moller and Dollar 2022,
153). For Zealand, even later and protracted chro-
nologies have been proposed (Martens 2010, 245;
Boye 2019, 273-274). By contrast, the results pro-
duced here align with recent findings from north
Jutland indicating abrupt growth and aggregation
in the 5™-4™ century BC (Haue 2023), and broadly
match the primary phase of village formation at
Grontoft in southwest Jutland (Rindel 1997, 1999,
2010; Haue 2023, 36). Although many Danish and
Scanian sites contain numbers of 5"-3* century BC
farms or small farm clusters, chronological reso-
lution has generally been insufficient to resolve
frequencies of narrowly coexisting farm units or
processes at the community level (Ethelberg 2003,
133; Webley 2008, 24; Friman 2008; Martens 2010;
Moller 2011; Boye 2019, 277-278). Webley (2008,
31-33) suggested that settlement aggregation into

dense communities during the period primarily
resulted from contraction and nucleation process-
es affecting spatial patterns under conditions of
generally linear frequency growth. The present
results rather suggest, that the modelled increase
in spatial densities of sampled settlement from
¢400-350 BC was linked to overall significant,
high-tempo frequency growth in settlement activi-
ty, and that the overall decrease in spatial densities
from ¢200-150 BC was similarly associated with
general frequency decrease. This could suggest
that patterns of social connectivity and interaction
underpinning community formation and dissolu-
tion oscillations likely responded rapidly to shift-
ing modes of positive or negative growth in settle-
ment demography (eg. Kim e# al. 2015; Lee and
Hwang 2025).

In the existing interpretive models, these
growth variables are often understood within a
wider long-term evolutionary framework, assum-
ing overall continuous expansion in settlement
and density of land use based on indications of
agricultural extensification and intensification
after ¢ 700 BC in pollen data (Bradshaw ez a/. 2005;
Odgaard and Nielsen 2009; Mortensen 2018; Ras-
mussen 2010, 229-230) and data on soil amend-
ment practices (Kanstrup ef a/. 2014; Nielsen ¢t al.
2019; Gron ez al. 2021; Hald ez al. 2024). The high
spatial coverage of sampling and large number of
radiocarbon dates used here, however, revealed
substantial shorter-term oscillations in settlement
sample densities across the long-term trajectory
represented by the study area data.

At the same time, interpretation of the factors
underlying these observed dynamics remains limi-
ted by the geographical scope of the study area
and lack of comparative datasets. Haue (2023,
38) has argued the impact of expanding land-use
organisation on rapid village community forma-
tions during this period, while emphasising the po-
tential of socioeconomic strategies at local scales
to variably shape individual communities within
micro-regional contexts. Recent syntheses suggest
that growth-rates of early aggregated communities
would be impacted by density thresholds on settle-
ment demography, including constraints on organi-
sational and communicative capacities (Muller and
Diachenko 2019; Lima e# a/. 2023; Feinman and
Neitzel 2023; Scholtus and Miller 2024). While
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such dynamics likely represent important factors
affecting often short settled community durations,
integrating analyses of them with broader trends
remains challenging. Methodological advances in
radiocarbon modelling and inferential frameworks
(e.g. Palmisano ez al. 2021; Parkinson ef al. 2021;
Riris and de Souza 2021) and build-up of local
and regional radiocarbon data currently outpace
development and correlation of environmental
proxy data relevant to the contexts in focus here.
Notably however, the density decrease shown in
our radiocarbon data after +.200/150 BC appears
gradual and moderate compared to the abrupt and
profound rupture evidenced around AD 550 and
associated across southern Scandinavia with vol-
canically forced climatic downturn following AD
536/540 (Arthur et al. 2024; Larsen et al. 2024;
Gundersen 2025). No comparable environment-
al impulses are currently identified for the 4®-2™
century BC interval (Sigl ez a/. 2015; van Dijk ez al.
2024; Edvardsson ez al. 2024; ¢f. Jensen 2005, 172-
178; Gjerpe 2023, 2024a). This supports the likeli-
hood that the marked density fluctuations in settle-
ment samples across the study area during this in-
terval would substantially reflect socioeconomic
dynamics within and between communities, rather
than primarily exogenous drivers.

Integrative and separative dynamics of
social interaction

The abrupt increase in combined farm establish-
ing and reproduction constrained to the forma-
tional generations of village community at Kilde-
bronde from the mid-4" century BC is consistent
with substantial initial movement into the commu-
nity from surrounding areas. Since the Farm clus-
ters comprise varying numbers of longhouses (7.e.:
Farms) and individually differentiated durations,
determining numbers of coexisting farms depends
on dynamic variables. However, the rates of farm
establishment dates (¢ Figure 11) clearly have a
non-uniform distribution: new longhouse con-
struction peaked within two to three generations
around 300-250 BC before declining. Approaches
to these questions relying on linear estimates from
typological variables with low chronological sen-
sitivity (e.g. Boye 2019, 239-279) may significantly

underestimate the numbers of farms within con-
strained peaks and overestimate overall communi-
ty durations. Resolving the timings of individual
Farm clusters and assessing the temporal dimen-
sions of diversities in spatial layouts and social
properties is therefore crucial for understanding
intra-community interaction. Some Farm clusters
reflect gradual, single-phased modulation across
broader spaces, while others show sustained accu-
mulation of consecutive farm phases within delim-
ited layouts. The reconstructed temporal order of
Farm cluster formations and abandonments sug-
gest that sustained farm plots became dominant
from the outset. However, no clear subsequent
chronological patterning in organisational modes
is evident. Although the fragmentary records of
the final-phase Farm clusters limit interpretive cer-
tainty, both nucleated and more extensive patterns
appear represented.

Contextualising these spatiotemporal patterns
within current conceptualisations of village com-
munity (Bandy 2010; Birch 2013; Feinman and
Neitzel 2023; Kim 2025; Kim et al. 2025), the
distinctly structured layouts sustained by some
initial Farm clusters, indications of cooperative
infrastructure layout and overall cohesion of
maintained spatial zones suggest negotiation in-
volving mutual accommodation. This is likely to
imply integrative communal practices including
some extent of social emulation across the farm
groups constituting the formational community
generations. The investments of labour in farm
building, particularly for the constrained duration
of initial peaking in community expansion, would
similarly have required cooperation of broader
groups (Draiby 1991; ¢ Hamilton 2010, 262). At
the same time, the several independent Farm clus-
ter dynamics suggested by small scale variations
in their reproductive modes, activity distributions
and material assemblages indicate substantial and
persistent diversity. This diversity could suggest
that distinct sub-group identities and practices
were maintained throughout community expan-
sion, potentially constraining development of
more integrative communal structures (e.g. Birch
2013; Kim 2025).

The
might be understood to include indications of

differences between Farm clusters

emerging social stratification and increases in
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structural formalisation over time, as proposed
for some villages during this period (Rindel 1999;
Runge 2009, 166-172; Haue 2011, 2012, 276-277).
In particular, the exclusive placing of iron extrac-
tion in Farm cluster 8 could indicate control over
localised production, and could alongside the high
relative proportion of large houses and density
of finds suggest development of increased and
more diverse socioeconomic capability within
this cluster. However, considered against the per-
sistent variability in Farm cluster trajectories and
socioeconomic modes throughout the duration of
the community, these differences appear to have
remained embedded within essentially segmen-
tary social frameworks, limiting the expansion of
hierarchical structures (Ejstrud and Jensen 2000,
117-122; Curras and Sastre 2020). Rather, the ob-
served complexities of temporal and organisation-
al modes primarily imply a community co-creat-
ed through interaction between subgroups that
however retained substantial independence. These
patterns align with models emphasising how com-
munities could operate at multiple overlapping
and nested scales (Feinman and Neitzel 2023; ¢f.
Birch 2013; Harris 2014). This would include that
social production, reproduction and self-identifi-
cation processes extended beyond the village com-
munity to wider social networks, some of them
predating formation of the community itself (¢f.
Kolb and Snead 1997). Such wider affiliative links
would have had particular significance in com-
munities formed through rapid aggregation and
growth — like in the present study — where they
could generate separative dynamics, splitting them
along internal divisions (e.g. Bandy 2004; Ellyson
2022). Early-generation village communities may
have been especially susceptible to such processes
due to limited social experience with aggregated
co-residence (e.g. Bandy and Fox 2010, 7).
Established models concerning the operational
principles of Danish Iron Age village communi-
ties have long understood them to reflect complex
balances between interests of autonomous farms
and communal benefits and constraints. Yet while
these models have clarified complex intra-com-
munity modulations and developed explanations
for them, they tend to treat the dominant factors
and processes of change as relative constants, re-
inforcing preconceptions of cohesiveness and

long-term continuity. Building from these frame-
works, the use in this paper of radiocarbon-based
models along with current conceptualisations
of community suggest a shift in emphasis, given
the rapid oscillations evidenced for the contexts
examined in both overall spatiotemporal densi-
ty patterns and in specific configurations of vil-
lage community. The results suggest that, in this
case, earliest Danish Iron Age village communities
should not be understood as gradually evolving,
cohesive entities, but as distinctly situated and
shaped by nonlinear social dynamics.

Conclusion

This paper applies radiocarbon-based modelling to
test theoretical concepts of eatliest Iron Age vil-
lage community dynamics, using the Koge Bay re-
gion dataset for case studies. The modelling shows
a significant and high-rate increase in overall spa-
tiotemporal density of radiocarbon dated settle-
ment beginning from the eatly 4" century BC.
Several concurrent, local density kernels within
this general trend suggest rapid convergence into
densely nucleated settlement configurations. The
date-range of this trend predates the established
temporal frameworks for substantial Danish Iron
Age nucleation and village formation processes by
around a century. The duration of significant in-
creases in radiocarbon date densities is estimated
to end before 300 BC, after which densities stag-
nate and then decrease rapidly. Shifting spatiotem-
poral densities observed in localised patterns from
this same timeframe suggest that some nucleated
communities may have undergone rapid transfor-
mation or dispersal. The time ranges of these over-
all trends correspond with the timing of village
community formation, operation and dissolution
at the Kildebrende site. The relatively short du-
ration of these shifts — with expansion processes
likely peaking within three to four generations at
most — implies that collective experiences associat-
ed with processes and challenges of earliest village
community formation and operation would have
had little time to develop into shared social knowl-
edge. This is consistent with a view of these initial-
generation Iron Age villages as substantially sub-
ject to maintained group-based identities, while the
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extent of consolidating social structuring through
communal interaction would have remained lim-
ited. Together, the observed temporal dynamics
and inferred social implications therefore chal-
lenge assumptions of gradual evolution and long
continuities that underpin existing interpretive
models of Danish Iron Age village communities.
Our results instead suggest that highly resolved
radiocarbon-based approaches in combination
with theoretical conceptualisations of community
as a contingent and contested product of inter-
play between intersecting interests and changeable
contexts operating at multiple cross-cutting scales
may contribute new dimensions to social models
inferred from settlement data. The compact size
of the case study area remains a limiting factor for
evaluating these perspectives against existing frame-
works. Integrated scenarios explaining the spatio-
temporal density fluctuations observed across the
case study area as well as at localised scales therefore
remain ambiguous. Future research could explore
how the resolved trends within this area compare to
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Supplementary Material

Material see also zip, .docx and .txt-attachments on the website:

zip:

kbaydata (.csv): Radiocarbon data

kbaydata (.docx): Radiocarbon data source identifiers and references
kb (.shp): Study area spatial object

SM1: R codes
SM2: OxCal codes and model simulations
SM3: Supplementary figures



