
Archeologické rozhledy 78–2026–x 1xxx–xxx

https://doi.org/10.35686/AR.2026.354

RESEARCH ARTICLE – VÝZKUMNÝ ČLÁNEK

Settlement and temporal dynamics during the LBK 
and post-LBK transition: A study of the loessic 

corridor from the Rhineland to Hesbaye 
(Germany, the Netherlands, Belgium)

Sídelní a časová dynamika během LBK a post-LBK přechodu: 
Studie sprašového koridoru od Porýní po Hesbaye 

(Německo, Nizozemsko, Belgie)

Erik J. Kroon – Pierre Allard – Luc Amkreutz – Dominique Bosquet –
Isabelle Deramaix – Heike Fock – Louise Gomart – Caroline Hamon –

Johanna Hilpert – Ivan Jadin – Robin Peters – Silviane Scharl – 
Ivo van Wijk – Solène Denis

This study examines the settlement dynamics of Linearbandkeramik (LBK) and post-LBK communities 
across the loessic corridor spanning the Rhineland, Limburg, and Hesbaye (Germany, the Netherlands, 
Belgium). By applying Bayesian chronological modelling to radiocarbon dates and regional ceramic typo
chronologies, we reassess the timing and tempo of LBK expansion, population growth, and the subsequent 
post-LBK transition. Two alternative models are presented to accommodate the challenges posed by sparse 
datasets: one prioritising the existing typochronological frameworks, the other emphasising the current-
ly available radiocarbon dates. Our results reveal a rapid initial increase in LBK settlement densities, 
followed by a phase of intensification linked to enclosure construction during the mid-51st century BC, 
and a heterogeneous post-LBK transition marked by regional variability in continuity and abandonment. 
These findings contribute to broader debates on the expansion, social dynamics, and environmental inter
actions of early farming communities in Northwestern Europe. Moreover, they highlight the potential of, 
and need for, renewed engagement with absolute dating.

Neolithic – Linearbandkeramik (LBK) – post-LBK – Northwestern Europe – Bayesian chronological model
ling – settlement dynamics

Tato studie se zabývá sídelní dynamikou komunit kultury s lineární keramikou (LBK) a post-LBK období 
ve sprašovém koridoru zahrnujícím Porýní, Limburg a Hesbaye (Německo, Nizozemsko a Belgie). Pomo-
cí bayesovského chronologického modelování radiokarbonových dat a regionálních keramických typo-
chronologií nově posuzujeme načasování a tempo expanze LBK, populačního růstu a následného přechodu 
k post-LBK období. S ohledem na obtíže vyplývající z omezeného množství dat představujeme dva alter-
nativní modely: první upřednostňuje existující typochronologické rámce, zatímco druhý klade důraz na 
aktuálně dostupná radiokarbonová data. Výsledky ukazují rychlý počáteční nárůst hustoty osídlení LBK, 
po němž následovala fáze intenzifikace spojená s výstavbou ohrazení v polovině 51. století př. n. l. Přechod 
k post-LBK období byl heterogenní a vyznačoval se regionálními rozdíly v kontinuitě a opouštění sídel. 
Tato zjištění přispívají k širší diskusi o expanzi, sociální dynamice a interakcích raně zemědělských komunit 
se životním prostředím v severozápadní Evropě. Zároveň poukazují na potenciál absolutního datování 
i na potřebu věnovat mu znovu větší pozornost.

neolit – kultura s lineární keramikou (LBK) – post-LBK – severozápadní Evropa – bayesovské chronologické 
modelování – sídelní dynamika

https://doi.org/10.35686/AR.2026.354


Kroon et al.: Settlement and temporal dynamics during the LBK …2

Introduction

The settlement dynamics of Linearbandkeramik (LBK) communities feature prominently 
in narratives about long-term patterns in human societies. The evolution of settlement and 
population densities during the LBK and post-LBK transition has been considered in light 
of human mobility (Hofmann 2016; 2020; Furholt 2018), climate change (Gronenborn 
2010; Gronenborn et al. 2014), kinship systems (Van der Velde 2016), social cohesion 
(Gronenborn et al. 2020), inter- and intra-community conflict (Kondor et al. 2024), and 
the appearance of novel technologies (Shennan et al. 2013). A persistent challenge in these 
studies is combining data from various national and regional research traditions. Specifi-
cally, combining regional LBK chronologies (e.g., Modderman 1970; Lüning 2005; Blouet 
et al. 2013; Van der Velde 2016) into an overarching chronology which can be used to 
analyse settlement dynamics across larger areas.

Here, we apply Bayesian chronological modelling (Bronk Ramsey 1995; 2009a) to shed 
new light on settlement dynamics during the LBK and post-LBK period in the Rhineland 
(or Jülich-Zülpicher Börde, Germany), Limburg (the Netherlands) and Hesbaye (Belgium; 
see Fig. 1). These three areas form a continuous geological and ecological zone, fragmen
ted by modern national borders (Lehmkuhl et al. 2021; Denis et al. in press). Moreover, 
they form a critical corridor within the LBK distribution, connecting LBK communities in 
Central Europe to those further west. During the post-LBK period, this area was a bound-
ary zone between multiple post-LBK communities: Großgartach (GG), Rössen (RÖ), and 
Blicquy/Villeneuve-Saint-Germain (BVSG), as well as Swifterbant (SWB) communities 
with strong ties to Late Mesolithic groups (see Fig. 1). This paper is a complement to the 
contribution by Denis et al. (in press) which looks at the trajectories of these communities 
in the same area.

We start by reviewing the current understanding of settlement dynamics of early farm
ing communities in the Rhineland, Limburg, and Hesbaye. In all three regions, the popula
tion densities of these communities are thought to increase rapidly after their initial arrival, 
followed by a minor decline and then a resurgence, before a rapid fall (Zimmermann et al. 
2007; Bosquet – Fock 2025). In Hesbaye, LBK was continuous with BVSG occupation 
(Hauzeur – Jadin 2025; Denis et al. 2024). By contrast, early farming communities dis-
appeared altogether from the Rhineland and Limburg between the end of the LBK and the 
arrival of GG and RÖ communities, respectively (Zimmermann et al. 2007). In a broader 
framework, SWB communities with strong ties to Mesolithic populations co-existed with 
and persisted after LBK communities in the Netherlands (Amkreutz 2013; Olalde et al. 2026).

We present a comprehensive survey of radiocarbon dates associated with LBK and 
post-LBK groups in the Rhineland, Hesbaye, and Limburg. The dataset is sparse (cf. Denai
re et al. 2017, 1132) and mostly composed of radiocarbon dates on charred cereals which 
pose a relatively high risk of intrusive or residual dates (cf. Bayliss et al. 2011, 40–41). 
Therefore, we explore two alternative Bayesian chronological models: one in which the 
overarching chronology from Blouet et al. (2021) has interpretative priority, and another 
in which the radiocarbon dates have interpretative priority. In both cases, the models pre
sent tantalising evidence for a rapid growth of LBK communities after their first arrival, 
a phase of intensification during the middle 51st century BC which is tied to the construc-
tion of enclosures, and a heterogeneous, local dynamic during the post-LBK transition with 
various degrees of overlap with post-LBK communities.
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While these results offer exciting new insights into the LBK and post-LBK transition in 
Limburg, the Rhineland, and Hesbaye, we underline the challenges posed by sparse radio
carbon datasets. Thus, in the spirit of a status quaestionis for LBK and post-LBK research 
in this area, we call for renewed absolute dating of LBK and post-LBK contexts to illumi
nate the temporal dynamics of the earliest farming communities in northwestern Europe.

(Post-)LBK settlement dynamics: Status quaestionis

To date, studies of settlement dynamics among early farming communities in the Nether-
lands, western Germany, and Belgium have relied primarily on ceramic typochronology. 
In the Netherlands, the typochronology proposed by Modderman (1970) continues to be 
in use for this purpose, despite more recently proposed alternatives (Van der Velde 1979; 
2016; Van Wijk – Amkreutz 2022). Blouet et al. (2021) have recently established a typo
chronology for the LBK in Hesbaye. The LBK typochronology for the Rhineland was 
originally established by Stehli (1973) but has been continuously updated since (see Kerig 
et al. 2010). The modus operandi in all three regions is to attribute (houses in) settlements 
to subphases within the respective typochronology based on the decorated pottery found 
in features associated with these domestic contexts. The final tally of houses per subphase 
forms the basis for further inferences about settlement dynamics and population densities 
(e.g., Hofmann 2016).

Fig. 1. Map of the study area with the approximate distribution of the archaeological phenomena discus
sed in the text. Black – Linearbandkeramik (LBK); blue – Blicquy/Villeneuve-Saint-Germain (BVSG); red – 
Grossgartach (GG) and Rössen (RÖ); green – Swifterbant (SWB).
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The Rhineland (Germany)

The Rhineland, more precisely the Jülich-Zülpicher Börde, stands out as one of the most 
thoroughly investigated areas for LBK and post-LBK settlement dynamics. This is thanks 
to the contributions of research groups at Cologne University, the intensive excavations 
in the lignite mining area (most famously in the Merzbachtal), and the excavations and 
landscape surveys in the wider region. For our overview of settlement dynamics in this 
area, we use the settlement sequence reconstructed for the Merzbachtal on the basis of the 
Hofplatzmodell (Boelicke 1982; Zimmermann 2012), which subdivides the LBK period 
into 16 house generations (HG, labelled HG I–HG XVI). Subsequent studies have shown 
that this sequence is representative of broader developments in the Jülich-Zülpicher Börde.

At present, the starting date for LBK occupation in the Rhineland falls in the late 
54th century BC (HG I) and would be followed by a rapid rise in the number of houses 
until HG VI (c. 5175–5150 BC), a small dip around HG VII (c. 5150–5125 BC), followed 
by another increase and peak in occupation during HG XI (5050–5025 BC), and then a steep 
decline (see Fig. 2: C–D). Occupation of the Rhineland area would then cease for a cen-
tury (Zimmermann et al. 2007, 34) before the arrival of new farming communities during 
the Middle GG phase (4900–4850 BC; Spatz 1996; Broich 2021, 6).

Fig. 2. Settlement densities for LBK communities in Limburg (A; n=57), Hesbaye (B; n=13), the Merzbach
tal, Rhineland (C; n=20), and the density of LBK houses in the Merzbachtal, Rhineland (D; n=359) per 
phase in the respective regional typochronology. Developments in the Merzbachtal are representative of 
the broader developments in the Rhineland. The grey scale indicates the number of contemporaneous 
houses at the various settlements (data for settlement and house densities in the Merzbachtal courtesy 
of A. Zimmermann; points are relative frequencies and the interpolation line was made with a smoothing 
B-spline using SciPy, see Virtanen et al. 2020).
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In terms of population density, Broich (2021, 95) estimates a sharp decline after the 
disappearance of LBK. Population densities in the Rhineland during the LBK were about 
0.6 persons per square kilometre (Schmidt et al. 2021, Tab. 3), but fell to 0.01 persons per 
square kilometre at the beginning of GG occupation. Only during the subsequent RÖ period 
(4750–4600 BC) would population densities again reach the levels reconstructed for the 
LBK period. Consequently, current studies suggest a period of significant settlement growth 
among early farming communities during the LBK period, followed by a strong contrac-
tion and an occupation gap during the post-LBK transition.

Enclosures are common at LBK settlements in the Rhineland but only appear during the 
later stages, from HG XII onward (Peters – Zimmermann 2017, 45). These enclosures are 
commonly interpreted as communal monuments built through cooperation among larger 
groups of people (Kerig 2003). Their function is debated. Originally, enclosures were in
terpreted as fortifications (e.g., Buttler – Haberey 1936, 20; Höckmann 1975). However, 
the size, slope location, multiple entrances, and unclosed ring ditches make these enclo-
sures unlikely to have been fortifications (Peters 2024). There is also evidence that the 
digging and backfilling of ditches was of significance to Early Neolithic societies (Haack 
2014, 355). As such, an interpretation as socio-ritual gathering places has to be consid-
ered (Whittle 1996, 174–176; Kaufmann 1997; Meyer – Raetzel-Fabian 2006). However, 
the fact that these enclosures emerge in the Rhineland during the later stages of LBK oc
cupation may itself signal a connection to societal stress or violence (Kondor et al. 2024). 
Regardless, the debate about the potential ritual or defensive nature of these enclosures is 
likely to continue.

Limburg (the Netherlands)

In the Netherlands, LBK settlement dynamics have primarily been studied in relation to 
landscape zones. Less emphasis was placed on numerical estimates of population densities, 
which rely on the number of known settlements (see Fig. 2: A). The overview of these 
developments below follows the typochronology from Modderman (1970), which distin-
guishes 9 phases: Ia, Ib, Ic, Id, IIa, IIb, IIc, IId, and IIIa.

The initial LBK occupation in Limburg is dated to 5250 BC, or Modderman Ib (Lan
ting – Van der Plicht 2000), and would occur primarily on the middle loess-covered ter-
races of the Meuse in the Graetheide area and near Maastricht. The initial appearance of 
LBK communities was followed by a gradual expansion across these terraces between 
Modderman Ib and Ic (c. 5100–5000 BC) with new settlements appearing preferentially 
near rivulets and dry valleys. Additionally, LBK settlements emerged in areas less favour
able to agriculture during this period. For example, in the floodplains of the Meuse and at 
more elevated terraces (Van Wijk 2016). The number of LBK settlements then dips slightly 
between Modderman Id and IIa, before rising and peaking again during Modderman IIc. 
The end of the LBK in Dutch Limburg (around 4950 BC) is marked by a decline in the 
number of settlements, from 25 known sites during Modderman IIc to 19 in Modderman IId 
(Van Wijk in prep.; see Fig. 2: A). The decline of LBK settlements coincides with evidence 
for the construction of enclosures, such as those at Beek, Kelmond, and Born (Brounen – 
Rensink 2007; Van de Velde et al. 2009). By around 4900 BC, LBK settlements appear to 
have fully disappeared in Limburg and research suggests the area may have been aban-
doned entirely (Amkreutz 2016; 2017).



Kroon et al.: Settlement and temporal dynamics during the LBK …6

Evidence for occupation during the post-LBK period in Limburg is sparse. A RÖ settle
ment was excavated near Maastricht-Randwijck (Louwe Kooijmans 1988). In a broader 
geographical framework, SWB communities, which have strong ties to Late Mesolithic 
groups of hunter-gatherers, play a prominent role in the wetland environments of the Nether
lands and adjacent parts of Belgium during the Neolithic (Amkreutz 2013; Olalde et al. 
2026). These communities interacted with early farming groups, as evidenced by their inte
gration of domestic animals (as of 4450 BC), crops (as of 4200 BC), as well as artefacts 
attributed to farming (Raemaekers et al. 2023).

Hesbaye (Belgium)

Reconstructions of settlement dynamics during the LBK period and post-LBK period 
remain challenging for Hesbaye, because only a small fraction of the sites known from 
this period has been excavated (Bosquet – Fock 2025). The LBK settlement at Darion is the 
only to have been fully excavated; most other sites are only known from surveys. Further-
more, many LBK ceramic assemblages are yet to be classified within the Meuse chronology 
(Blouet et al. 2021). Nevertheless, a preliminary estimate of developments in population 
densities can be derived from a systematic assessment of the presence or absence of cera
mics from specific subphases at these sites (Bosquet – Fock 2025; see Fig. 2: B).

The typochronology by Blouet et al. (2021) distinguishes six stages in the LBK occu-
pation of Hesbaye. These phases are labelled ME 1–6 with finer subdivisions indicated by 
alphanumeric sequences. For example, ME3a1 and ME3a2 refer to the earlier and later 
parts of the first half of ME3, respectively.

The number of LBK settlements in Hesbaye was initially low during the ME1 and ME2. 
Then, it rapidly grew during the late ME2 and early ME3 subphases, followed by a brief 
reduction in settlements during ME4, and then another increase which led to a peak in 
ME5b. This peak was followed by a rapid decline from ME6a onward, leading to a drastic 
reduction in settlements by the end of the LBK (see Fig. 2: B). During the transition from 
the Final LBK to the Terminal LBK (ME6a–6b), LBK occupation in Hesbaye was main-
ly concentrated within villages within enclosures, or in close proximity to such enclosed 
settlements. This pattern persisted until the disappearance of the LBK from Hesbaye 
(Bosquet – Fock 2025).

The LBK enclosures in Hesbaye are likely defensive in nature, although alternative 
interpretations cannot be excluded. Crucially, the defensive value of these enclosures does 
not derive from the discontinuous ditches or simple earthworks but from the palisade asso
ciated with these features (Broes – Bosquet 2007). The ditches may have hindered move-
ment, but likely result from the construction of these palisades (similar to the extraction 
pits for loam found beside LBK houses) rather than from a deliberate effort to create a moat. 
The complex features located at the entrances of the enclosures at Darion and Waremme-
Longchamps are a further point in case. Again, a defensive construction is probable but 
LBK communities may have assigned multiple functions to these features (Bosquet 1993; 
Bosquet et al. 2007).

The relation between LBK and post-LBK settlements in Hesbaye remains unclear, be
cause the connection between the ceramic typochronologies for LBK (Blouet et al. 2021) 
and the subsequent BVSG communities (Constantin 1985) has not yet been studied. That 
said, only two BVSG settlements are known from Hesbaye and both are attributed to the 
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second stage in the BVSG typochronology (Burnez-Lanotte et al. 1993; Jadin 2003). LBK 
occupation from the last phase (ME6) in the typochronology from Blouet et al. (2021) is 
currently only documented in Hesbaye and remains absent further west in Hainaut. This 
raises the possibility that LBK occupation lasted longer in Hesbaye while the initial phase 
of the BVSG may have emerged in Hainaut (Blouet et al. 2021). In any case, the continu-
ity of traditions in lithic and ceramic production observed between LBK and BVSG in 
Hesbaye suggests that these communities were continuous (Denis et al. 2024; in press), 
or potentially even partially contemporaneous (Hauzeur – Jadin 2025).

Summary

Our overview reveals a shared trend in the settlement dynamics of LBK and post-LBK 
communities in Limburg, the Rhineland, and Hesbaye (Fig. 2). The initial appearance of 
LBK is characterised by a rapid increase in settlements. This is followed by a slump in 
settlement densities and then a brief resurgence, before a rapid decrease in settlement den
sities at the end of the LBK period. The post-LBK period appears discontinuous relative to 
the LBK period. In the Rhineland, an occupation gap occurs until the arrival of GG com-
munities (Zimmermann et al. 2007). Similarly, a settlement hiatus occurs in Limburg after 
the disappearance of LBK (Amkreutz 2016), although Mesolithic populations are contin-
uous. In Hesbaye, no occupation gap occurs but a drastic reduction in settlement densities 
is evident.

This shared trend is highly suggestive for the development of early farming commu-
nities. However, a key question persists: Is this a single trend happening simultaneously 
across settlement clusters in Limburg, Hesbaye, and the Rhineland, or are these independent 
local trends which happen asynchronously? To answer this question, an absolute chrono-
logical framework is needed to articulate the various typochronologies for the LBK (Mod
derman 1970; Kerig et al. 2010; Zimmermann 2012; Blouet et al. 2021) and post-LBK 
(Constantin 1985; Spatz 1996; Raemaekers 1999) period in the study area.

Towards an absolute chronological framework

Several studies have attempted to create an overarching chronological framework for the 
LBK occupation in Hesbaye, Limburg, and the Rhineland. These attempts are often based 
on ceramic typochronology (e.g., Stehli 1994; Jeunesse 1999; Lüning 2005; Balkowski – 
Hartmann 2015; Balkowski 2015; Blouet et al. 2021). To our knowledge, no such overar-
ching frameworks have been published for the period following the LBK, since different 
communities inhabited these areas after the post-LBK transition. However, the chrono-
logical framework for the LBK period touches upon the post-LBK transition since it en-
compasses the end of LBK groups. Therefore, we will focus on an overarching LBK chro
nology here.

The most recent proposal for an overarching LBK typochronology stems from Blouet 
et al. (2021, Tab. 3). It consists of five so-called chronozones, which articulate the region-
al typochronologies for Limburg, the Rhineland, Hesbaye, the Lorraine, and the Aisne 
Valley. Each chronozone would capture shared, supraregional patterns. For example, the 
Rubané ancien corresponds to Modderman I (Limburg), HG I–VIII (the Rhineland) and 
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ME1 (Hesbaye). The chronozones (listed from oldest to youngest) are: Rubané ancien, 
Rubané moyen, Rubané récent, Rubané final, and Rubané terminal.

Blouet et al. (2021) formulated these chronozones on the basis of the regional LBK 
typochronology for Hesbaye combined with an earlier LBK typochronology for Lorraine 
(see Blouet et al. 2013). They applied Correspondence Analysis (CA) to the frequencies 
of decorative motifs on pottery from LBK settlement contexts in Hesbaye. The principal 
coordinates of these assemblages in the first two dimensions were then plotted in a biplot 
(see Blouet et al. 2021, Fig. 4; Supplementary Data), which served as the basis for the 
articulation of (supra)regional typochronological trends. Cluster analysis was performed 
over the biplot to identify stylistic developments, and these developments were anchored 
in absolute time by looking at the position of assemblages with a known age in the biplot 
(cf. Blouet et al. 2021). This typochronology was then extended to Limburg by incorporat
ing a comparatively small number of ceramic assemblages from Dutch LBK sites, and to the 
Rhineland by judging the position of assemblages with decorative motifs similar to those 
found in the Rhineland within the biplot. This resulted in synchronisation of the regional 
typochronologies for Limburg, Hesbaye, and the Rhineland in the form of chronozones 
(see Blouet et al. 2021, Tab. 3). This overarching synchronisation is the focus of this section.

We agree with Blouet et al. (2021) that their approach has important advantages in 
terms of reproducibility and openness. However, a formal evaluation of the chronological 
information and supraregional trends is desirable because, especially as the geographic 
scale of the analysis expands, there is a chance that CA captures synchronic variation (e.g., 
between communities or regions) as well as diachronic variation. Therefore, we advocate 
the use of Bayesian chronological modelling of radiocarbon dates (Bronk Ramsey 1995; 
2009a) associated with ceramic assemblages to evaluate potential chronological trends iden
tified with CA. The power of such a combined methodology has readily been demonstrat-
ed by Denaire et al. (2017; cf. Whittle 2018) but not yet been applied in the Rhineland, 
Limburg, or Hesbaye.

Chronozones and chronological models

We conducted a literature review to gather radiocarbon dates associated with LBK and 
post-LBK groups in the Netherlands, Hesbaye, and the Rhineland. This review yielded 482 
radiocarbon dates (see Online Supplementary Material 1 for documentation according to 
the guidelines from Bayliss 2015). We then selected a subset of high-quality dates based 
on two criteria: 1) good association to the dated pottery; and 2) a sample material from 
a short-lived species with low risk of age offsets. We also excluded any dates for which 
previous studies suggested a residual or intrusive nature.

The majority of the dates in the high-quality dataset were performed on single-entity, 
short-lived samples, such as charred seeds (Jadin 2003, 573; see Tab. 1). Bayliss et al. 
(2011, 40–42; cf. Denaire et al. 2017, 1081–1082, 1129) argue that radiocarbon dates on 
articulated skeletal remains are preferable over such samples in this context. This is be-
cause charred seeds are mobile and thus present a larger risk of residual or intrusive dates 
relative to articulated skeletal remains. Unfortunately, no radiocarbon dates on articulated 
skeletal remains could be found in the study area due to the poor preservation of bones in 
the decalcified loessic soils. Therefore, radiocarbon dates on short-lived, single entity sam
ples like charred cereals are the best available samples at present.
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We selected all radiocarbon dates from the high-quality dataset which could be asso-
ciated with a single chronozone. In practice, each radiocarbon date in the high-quality data
set has an association with a ceramic assemblage dated within a regional typochronology. 
These typochronological dates can be converted into chronozones using the synchronisa-
tion table from Blouet et al. (2021, Tab. 3) and then incorporated in a Bayesian chrono-
logical model (see Online Supplementary Material 1: Model 1) which evaluates this typo
chronology. As an additional check, we also modelled the regional LBK typochronologies 
for Limburg (Modderman 1970), Hesbaye (Blouet et al. 2013), and the Rhineland (Stehli 
1973; Zimmermann 2012) separately with only those radiocarbon dates which are a) from 
said region, and b) associated with pottery assemblages dated with these typochronologies 
(see Online Supplementary Material 1: Models 2–4).

All Bayesian chronological models presented here were coded in the OxCal v4.4.4 
software (Bronk Ramsey 2021) using the IntCal20 calibration curve (Reimer et al. 2020). 
The structure of Models 1–4 largely follows that of the Bayesian chronological models in 
Denaire et al. (2017) for the LBK typochronology in Alsace. The model contains a single 
sequence with a phase for each chronozone. A trapezoid boundary (Lee – Bronk Ramsey 
2012) was placed at the start and end of the sequence, as well as between each phase within 
the sequence. The advantage of a trapezoid boundary is that it does not assume changes 
to be instantaneous, which is often preferable for cultural phenomena (Lee – Bronk Ramsey 
2012; cf. Denaire et al. 2017, 1104). The radiocarbon dates in the high-quality dataset were 

Model Rhineland Limburg Hesbaye All LBK Rhineland Limburg Hesbaye All 
post-LBK

Sampled 
material Affiliation LBK LBK LBK Total BI SW BVSG Total

Absorbed 
lipids

n 1 3 0 4 0 0 0 0

% 1.6 4.8 0.0 6.5 0.0 0.0 0.0 0.0

Animal 
bone

n 0 0 0 0 0 29 0 29

% 0.0 0.0 0.0 0.0 0.0 25.2 0.0 25.2

Human 
bone

n 2 4 0 6 2 0 0 2

% 3.2 6.5 0.0 9.7 1.7 0.0 0.0 1.7

Bone 
(species 
indet.)

n 0 0 2 2 0 0 0 0

% 0.0 0.0 3.2 3.2 0.0 0.0 0.0 0.0

Short-lived 
charcoal

n 0 0 0 0 0 0 1 1

% 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.9

Cereal
n 6 3 22 31 0 29 0 29

% 9.7 4.8 35.5 50.0 0.0 25.2 0.0 25.2

Plant 
material 
(other)

n 0 0 1 1 0 15 0 15

% 0.0 0.0 1.6 1.6 0.0 13.0 0.0 13.0

Seed 
(other)

n 4 8 6 18 0 37 2 39

% 6.5 12.9 9.7 29.0 0.0 32.2 1.7 33.9

Total
n 13 18 31 62 2 110 3 115
% 21.0 29.0 50.0 100.0 1.7 95.7 2.6 100.0

Tab. 1. Overview of high-quality dataset by sample material, model, and region. Percentages are calculated 
relative to the total number of radiocarbon dates for the LBK and post-LBK periods.
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placed into the phase for the corresponding chronozone or regional phase. Multiple dates 
from independent samples in the same feature were combined using the Combine function, 
since they are independent samples.

The outcomes of these models point to a paradox. OxCal returns poor agreement indi
ces (Amodel = 7.4%; Aoverall = 6.4%; see Online Supplementary Material 1) for the Bayesian 
chronological model of the overarching typochronology. This indicates a poor fit between 
multiple radiocarbon dates and the model structure (cf. Bronk Ramsey 1995, 428; 2009a, 
357). In practice, each chronozone features dates with calibrated ranges which are too old 
or too young relative to the other parts of the sequence. Paradoxically, OxCal does return 
good agreement indices for the Bayesian chronological models of the constituent region-
al typochronologies. For example, Model 2, which combines the radiocarbon dates and 
typochronology for Hesbaye, yields a good overall fit between the model and radiocarbon 
dates (Amodel = 97.1%) and between the individual dates and model (Aoverall = 103.2%; see 
Online Supplementary Material 1). Care should be taken due to the sparse data in these 
models. For example, only five radiocarbon dates made the cut for the Rhineland. How-
ever, these outcomes do suggest that the regional typochronologies may be well-supported 
within the contexts in which they were formulated, but that difficulties ensue when they 
are extrapolated beyond those confines.

These difficulties may have various causes: an incorrect model structure, plateaus in the 
calibration curve, or dates which are residual, intrusive, or incorrect. We can test whether 
the problem lies with the model structure and the shape of the calibration curve by simu-
lating radiocarbon dates (see Online Supplementary Material 1: Model 5). The simulated 
radiocarbon dates are random calendrical dates within the time spans of the chronozones. 
We obtained these timespans by combining the chronozones in Blouet et al. (2021) with 
the dates proposed for the regional typochronologies in France (Meunier 2013, Fig. 6) and 
the Rhineland (Balkowski 2024, Fig. 25). The error margin of the simulated dates was set 
to the average error margin of the radiocarbon dates attributed to that chronozone in the 
high-quality dataset. We generated one such simulated date for each radiocarbon date in the 
high-quality dataset and included these in the model with the R_Simulate function (Bronk 
Ramsey 1995). OxCal returns good agreement indices (Amodel = 67.5%; Aoverall = 70%) for 
Model 5 and the proposed start and end dates for the chronozones generally fall within one 
standard deviation of the estimated start and end boundaries (see Online Supplementary 
Material 1). Therefore, neither the model structure nor the shape of the IntCal20 calibra-
tion curve explain the outcomes of Model 1. Instead, the problem likely originates from 
a mismatch between the radiocarbon dates and the chronozones in the overarching typo
chronology.

Addressing this mismatch forms a critical decision point in this paper. Roughly speak-
ing, two solutions are possible. The first option is to modify the role of problematic radio
carbon dates in the model or (as a last resort) to reject these dates (cf. Denaire et al. 2017). 
This approach is defensible here given the number of radiocarbon dates on charred seeds 
which do pose a greater risk of residual or intrusive dates (Bayliss et al. 2011, 40–42). 
However, this solution is far from ideal, given that we have no indications from excavators 
or previous studies that the radiocarbon dates in the high-quality dataset are problematic 
(see Online Supplementary Material 1). The second option, therefore, is to modify the 
model structure to accommodate the problematic radiocarbon dates. For example, by re-
leasing the constraint that phases are strictly successive. In essence, this option gives the 
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radiocarbon dates interpretative priority over the overarching typochronology. Given that 
both approaches come with difficulties and assumptions, we present both solutions as alter
native models below.

Option 1: Prioritise the typochronology

Model 6 is built on the assumption that the overarching typochronology from Blouet 
et al. (2021) is largely correct and that the aberrant radiocarbon dates in Model 1 are like
ly residual or intrusive. The structure of this model is identical to that of Model 1, but the 
role of dates with poor agreement indices in Model 1 has been modified over multiple 
iterations to maximise the agreement indices and convergence of the model (see Online 
Supplementary Material 1). Initially, all dates with low agreement indices in Model 1 were 
incorporated with the General Outlier Model from Bronk Ramsey (2009b). If low agree-
ment indices persisted, the dates were incorporated with the Before or After functions 
(Bronk Ramsey 2009a), or ultimately excluded from the model altogether. The duration 
of each chronozone was estimated with the Span function (Bronk Ramsey 2009a).

The model (Fig. 3; Fig. 4) estimates that the earliest possible start for the LBK in
habitation of the study area lies between 5176–5082 BC (68.3% probability) or possibly 
5198–5071 BC (95.4% probability), and the latest possible end date between 5042–4986 BC 
(68.3% probability) or possibly 5069–4939 BC (95.4% probability). The five chronozones 
are spaced out relatively evenly across this interval and their estimated duration generally 
falls between 0–30 years (68.3% probability), or possibly 0–70 years (95.4% probability). 
The total duration of the LBK occupation is estimated to lie around 58–176 years (68.3% 
probability), or possibly 9–218 years (95.4% probability). Both the estimated duration 
of LBK inhabitation and the individual chronozones are shorter than current estimates 
(see Lüning 2005, Fig. 22; Lanting – Van der Plicht 2000), although the current estimates 
fall within two standard deviations of the estimated span (see Fig. 4).

Fig. 3. Overview of posterior distributions for the transitions (normal boundaries) between chronozones 
from Model 6 (see Online Supplementary Material 1). One-sigma and two-sigma confidence intervals 
and means are indicated. Abbreviations correspond to the chronozones proposed by Blouet et al. (2021, 
Tab. 3): RA – Rubané ancien, RM – Rubané moyen, RR – Rubané récent, RF – Rubané final, RT – Rubané 
terminal.
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The relatively short estimated duration of the LBK inhabitation and chronozones from 
Model 6 is likely a byproduct of the ‘aggressive cleaning’ of the radiocarbon dates requir
ed to stabilise Model 6. During this process, several of the radiocarbon dates, which are 
currently accepted as indicators for the earliest and latest possible LBK occupation, had 
to be treated as outliers or excluded. An example is the radiocarbon date from Uckendorf 
(Heinen 2010; Balkowski et al. 2016), which is commonly considered as the start date for 
LBK occupation in the Rhineland: UtC-13232 (6312±35BP; 5360–5214 cal BC at 95.4% 
probability). Model 6 estimates a 100% chance that this date is an early outlier, necessitat
ing the application of the General Outlier Model.

Option 2: Prioritise the radiocarbon dates

The alternative to Model 6 is a more flexible model which does not assume that the 
chronozones are strictly successive but allows for overlap between them. We encoded this 
possibility in Model 7 (see Online Supplementary Material 1). In this model, the internal 
structures of the phases for each chronozone are identical to those in Model 1. However, 
the phases are placed into separate sequences, meaning that the chronozones need not be 
successive. The end and start boundaries of each sequence are inferred with trapezoid 
boundaries (Lee – Bronk Ramsey 2012). The likelihood of these boundaries pre-dating 
(or post-dating) the boundaries of every other chronozone is estimated with the Order 
query (Bronk Ramsey 2009a).

An important note about Model 7 is that the estimated overlaps are highly dependent 
on the number and temporal spread of the radiocarbon dates available for each chronozone. 
This is because OxCal estimates the range of the probability distribution for boundaries 
based on these two factors (see Bronk Ramsey 2009a). The fewer the dates and the wider 
their spread, the larger the range of the boundary. In practice, this problem is particularly 
salient for the Rubané terminal, since we found only three radiocarbon dates for this chro-
nozone, which are also relatively far apart in time (see Online Supplementary Material 1). 
Therefore, the outcomes for this chronozone should be ignored.

Fig. 4. Estimates for the duration of the chronozones and the LBK from Model 6 (see Online Supplementa-
ry Material 1). These estimates derive from the Span commands. One-sigma and two-sigma confidence 
intervals and means are indicated. Distributions cut off at +400 years for convenience. The abbreviations 
refer to the chronozones defined by Blouet et al. (2021, Tab. 3): RA – Rubané ancien, RM – Rubané moyen, 
RR – Rubané récent, RF – Rubané final, RT – Rubané terminal.
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The outcomes of Model 7 (Tab. 2; Fig. 5) illustrate the causes for the poor agreement 
indices in Model 1, whilst also retaining the outline of the overarching typochronology 
from Blouet et al. (2021). For example, the model indicates that the Rubané ancien is 
likely to start before all other chronozones (with the exception of the Rubané terminal, but 
see above). However, the end of the Rubané ancien most likely occurs after the start of 

Fig. 5. Overview of Model 7. The vertical brackets and OxCal verbs define the model structure. The one-sigma 
and two-sigma confidence intervals of the posterior distributions are shown. The plot cuts off at 5800 BC 
and 4600 BC, since the start and end boundaries for the Rubané terminal have poor convergence and are 
too broad to be informative (see Online Supplementary Material 1). Only the normal boundaries are shown 
(see Online Supplementary Material 1 for the trapezium boundaries). Abbreviations for chronozones pro-
posed by Blouet et al. (2021, Tab. 3): RA – Rubané ancien; RM – Rubané moyen; RR – Rubané récent; 
RF – Rubané final; RT – Rubané terminal.
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the Rubané moyen, Rubané récent, and potentially the Rubané final. In other words, even 
though the material associated with the Rubané ancien has the potential to be some of the 
oldest LBK material, it may also be contemporary with the other chronozones. Similarly, 
the outcomes of Model 7 suggest that the Rubané moyen, récent, and final are likely to 
overlap, although the end of the Rubané final is again likely to occur later than the ends 
of all other chronozones. Based on these radiocarbon dates, overlaps between the chrono-
zones defined by Blouet et al. (2021) are therefore likely.

With reference to Models 2–5, the outcomes of Model 7 imply that even though certain 
stylistic traits can be rendered as a chronological sequence in one region, these traits are 
likely to appear at, and persist for, different times across these regions. As such, overlaps 
between sequences occur from a supra-regional perspective.

A brief reflection

We present two alternative Bayesian chronological models for the overarching LBK 
chronology in Hesbaye, Limburg, and the Rhineland. Both alternative models are defen-
sible given the currently available radiocarbon dates but formalise different assumptions 
about the relation between radiocarbon dates and typochronology. Model 6 prioritises the 
structure derived from the typochronology in Blouet et al. (2021), whereas Model 7 pri-
oritises the radiocarbon dates over this structure.

These two Bayesian chronological models pose a fresh challenge for understanding 
settlement dynamics during the LBK and post-LBK period. If one accepts Model 6, the 
trends in settlement density discussed above (see Fig. 2) remain largely unchanged but 
their duration shortens, in particular for early chronozones. While interesting, no further 
analysis of settlement dynamics is thus required here. Instead, we will focus on a scenario 
in which Model 7 is accepted. In this scenario, the number of houses or settlements per 
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Start RA 0 1 0.880 0.996 0.913 0.995 0.965 0.999 0.052 0.996

End RA 0 0 0.160 0.575 0.205 0.739 0.591 0.972 0.007 0.910

Start RM 0.120 0.840 0 1 0.532 0.915 0.840 0.993 0.022 0.968

End RM 0.004 0.425 0 0 0.153 0.690 0.529 0.949 0.005 0.892

Start RR 0.087 0.795 0.468 0.847 0 1 0.811 0.993 0.016 0.961

End RR 0.005 0.261 0.085 0.310 0 0 0.316 0.832 0.003 0.832

Start RF 0.035 0.410 0.160 0.471 0.190 0.684 0 1 0.009 0.896

End RF 0.001 0.028 0.007 0.051 0.007 0.168 0 0 <0.001 0.705

Start RT 0.948 0.994 0.978 0.995 0.984 0.997 0.991 >0.999 0 1

End RT 0.004 0.090 0.032 0.108 0.039 0.168 0.104 0.295 0 0

Tab. 2. Outcomes of the Order query in Model 7. The cell values are the likelihood that the boundary in 
the row head predates the boundary in the column head. Abbreviations for chronozones according to 
Blouet et al. (2021): RA – Rubané ancien; RM – Rubané moyen; RR – Rubané récent; RF – Rubané final; 
RT – Rubané terminal. The start boundary and end boundary for the Rubané terminal should be ignored 
because of the low convergence in Model 7 (see Online Supplementary Material 1).
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chronozone can no longer be used to reconstruct settlement dynamics across all three re-
gions because of the overlap between chronozones. Consequently, the challenge becomes 
to reconstruct settlement dynamics during the LBK and post-LBK directly from the radio
carbon dates.

(Post-)LBK settlement dynamics from the perspective 
of absolute dates

Radiocarbon dates have previously been used as direct proxies for developments in popu
lation densities through statistical analysis of summed probability distributions (Shennan 
et al. 2013). However, this method is prone to artefacts caused by sample bias and the 
shape of the calibration curve (Bronk Ramsey 2017). Therefore, we rely on direct Bayesian 
chronological modelling of LBK and post-LBK settlements in Hesbaye, the Rhineland, 
and Limburg. These models are used to infer the start and end dates of LBK occupation 
in these areas, as well as potential subphases and settlement gaps during the post-LBK 
transition.

General model outline

The Bayesian chronological models for LBK settlements in the Rhineland (Model 8), 
Limburg (Model 9), and Hesbaye (Model 10) are structured as follows. Each model con-
tains a separate sequence for LBK and post-LBK communities to avoid assumptions about 
their chronological relations (Bronk Ramsey 2009a). The boundaries of these sequences 
are inferred with the trapezoid model (Lee – Bronk Ramsey 2012). The Order query is 
applied to infer the likelihood of overlap between the LBK and post-LBK communities, 
and the Difference query to estimate the duration of this overlap based on the earliest start 
date for the post-LBK and the latest end date for the LBK (see details in Online Supple-
mentary Material 1).

Within each sequence, the radiocarbon dates from the high-quality dataset are grouped 
into phases for each settlement, and within these phases by feature. The Combine function 
is used if multiple independent dates are available for the same feature (Bayliss 2015). If 
available, radiocarbon dates outside the high-quality dataset were incorporated as terminus 
post quem for features or sites, given that these dates were often performed on unidentified 
charcoal which may feature an age offset due to the old wood-effect (cf. Bayliss et al. 2011). 
Outlier models for charcoal, cremations and general outliers were applied if appropriate 
(Bronk Ramsey 2009b; Rose et al. 2020). For some settlements, previous studies suggest 
multiple phases (e.g., Bosquet – Golitko 2012). These settlements were modelled as se-
quences with (sub)phases if this improved the agreement indices of the model and indi-
vidual dates.

The Bayesian chronological model for SWB settlements in Model 9 is an exception to 
the above structure. Swifterbant sites often feature settlement deposits which accumulat-
ed over longer periods and are continuous with Mesolithic and later Neolithic occupation 
(e.g., Teetaert 2020, 86 on Bazel-Sluis). Detailed studies of site stratigraphy combined 
with high-precision radiocarbon dating and Bayesian chronological modelling can provide 
high-resolution chronologies for these settlements (e.g., Dreshaj et al. 2023a; 2023b), but 
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such analyses are beyond the scope of this paper. Hence, all radiocarbon dates associated 
with SWB have been modelled as a single phase within a sequence which contains all rele
vant radiocarbon dates (see Online Supplementary Material 1). This phase is summarised 
with the KDE_plot function (Bronk Ramsey 2017).

Three observations about settlement dynamics during the LBK period and post-LBK 
transition in the Rhineland (Model 8; Fig. 6), Limburg (Model 9; Fig. 7), and Hesbaye 
(Model 10; Fig. 8) stand out from these models.

Start date for LBK occupation

The earliest appearance of LBK communities in the study area is in the Rhineland. 
The models estimate that the earliest possible arrival of LBK communities falls between 
5460–5310 BC (68.3% probability), possibly 5550–5224 BC (95.4% probability; see 
Online Supplementary Material 1). Crucially, the model does not point to a single, oldest 
settlement but to multiple early settlements (Lamersdorf-Inden, Langweiler 2, 8, 9, Nieder
kassel-Uckendorf; see Fig. 6; Online Supplementary Material 1).

The starting dates for LBK in Hesbaye and Limburg are likely later than those in the 
Rhineland (see Fig. 7; Fig. 8; Online Supplementary Material 1). For Limburg, the mod-
els suggest the earliest appearance of LBK communities around 5171–5091 BC (68.3% 
probability), possibly 5218–5066 BC (95.4% probability). The earliest appearance of LBK 
in Hesbaye is estimated at 5193–5087 BC (68.3% probability), possibly 5284–5069 BC 
(95.4% probability). Strikingly, these starting dates for Limburg and Hesbaye coincide. 
A simultaneous start of LBK settlement in the Rhineland, Limburg, and Hesbaye is also 
still possible within the two-sigma ranges, but unlikely. Again, no single settlement takes 
the crown for being the earliest in Limburg or Hesbaye. Instead, all settlements with as-
sociated radiocarbon dates feature starting dates consistent with the initial arrival of LBK 
communities.

Potential pioneer dynamics

Previous studies of LBK settlements in Hesbaye have argued that some LBK settle-
ments feature a pioneer phase and a main phase (Bosquet et al. 2008; Lodewijckx 2009; 
Bosquet – Golitko 2012). The pioneer phase would be an initial phase with a small number 
of houses which is followed by a main phase with multiple houses and in some cases the 
construction of enclosures. These dynamics are difficult to gauge with the currently avail-
able radiocarbon dates because researchers often preferentially dated the earliest houses 
but rarely undertook systematic dating of all houses at a settlement (see Online Supple-
mentary Material 1). Nevertheless, the outcomes of Models 8–10 do hint at such pioneer 
dynamics.

Specifically, several settlements in Hesbaye (i.e. Darion, Oleye, Remicourt, and Fexhe) 
appear to have both an older ‘pioneer’ phase and a ‘main’ phase. Radiocarbon dates asso-
ciated with enclosures and houses in enclosures tend to fall in this main phase (cf. Bos-
quet – Golitko 2012, 95). In fact, we found that the only stable model structure for Hesbaye 
was to separate the pioneer and main phases at LBK settlements (see Online Supplementary 
Material 1). Other LBK settlements in Hesbaye (e.g., Liège-Place Saint Lambert, Waremme, 
and Vaux-et-Borset) only appear to be occupied during the pioneer phase (cf. Lodewijckx 
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Fig. 6. Overview of Model 8 for the LBK and post-LBK period in the Rhineland. The one-sigma and two-sigma 
confidence intervals of the posterior distributions are shown. For convenience, only the normal bounda-
ries are shown. Convergence for the post-LBK is low due to the complex model structure and sparse radio
carbon dates (see Online Supplementary Material 1). These distributions are shown here for completeness 
but should not be considered.
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Fig. 7A. Overview of Model 9 for the LBK and post-LBK period in Limburg. For convenience, only the normal 
boundaries are shown (see Online Supplementary Material 1).
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2009, 44). Model 10 returns an estimate for the transition between the pioneer and main 
phase around 5071–5037 BC (68.3% probability), possibly 5037–5090 BC (95.4% prob-
ability; Fig. 8; Online Supplementary Material 1).

The currently available radiocarbon dates for LBK settlements in Limburg provide no 
indication of a similar pioneer and main phase (see Online Supplementary Material 1). 
However, the Bayesian chronological model for the Rhineland does hint at a similar dy-
namic. The majority of the settlements can be modelled as a single phase, but several dates 
from Langweiler 2 (specifically those associated with the enclosure), Langweiler 8 (an-
other site with an enclosure), and Müddersheim stand out as relatively young compared to 
the other radiocarbon dates (see Fig. 6; Online Supplementary Material 1). The modelled 
ranges of these dates fall within c. 5200–5000 BC, which is broadly contemporaneous with 
the main phase in Hesbaye (see Fig. 8; Online Supplementary Material 1). These dates are 
also contemporaneous with the dendrochronological dating for the wells at Arnoldsweiler-
Ellebach, Kückhoven, and Merzenich-Morschenich (Balkowski 2024). Unfortunately, the 
currently available radiocarbon dates for LBK settlements in the Rhineland do not allow 
for a more detailed assessment. Regardless, the association of these dates with enclosures 
and the contemporaneity with the developments in Hesbaye is of interest.

End dates of LBK occupation and relation to post-LBK

The Bayesian chronological models allow us to obtain formal estimates for the end 
dates of LBK occupation across the study area and to compare these with the start dates 
for post-LBK communities in these same areas.

For Limburg, the outcomes of Model 9 suggest that the latest LBK occupation likely 
falls around 5107–5013 BC (68.3% probability), possibly 5125–4974 BC (95.4% proba-
bility). The duration of the end boundary is relatively short: 0–38 years (68.3% probabil-
ity) or possibly 0–109 years (95.4% probability; see Fig. 7; Online Supplementary Mate-
rial 1). However, radiocarbon dates for the youngest LBK occupation in Limburg are 
sparse. Hence, the radiocarbon date from Maastricht-Cannerberg (GrN-64062 6035±40BP; 

Fig. 7B. Overview of Model 9 for the LBK and post-LBK period in Limburg – continued. For convenience, 
only the normal boundaries are shown (see Online Supplementary Material 1).
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Fig. 8A. Overview of Model 10 for LBK and post-LBK settlements in Hesbaye. For convenience, only normal 
boundaries are shown (see Online Supplementary Material 1). The horizontal brackets are the one-sigma 
and two-sigma confidence intervals of the posterior distributions.
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5036–4835 cal BC at 95.4% probability), which is currently accepted as the best indicator 
for the end date of LBK occupation in Limburg is an outlier in Model 9 and had to be 
treated as a terminus ante quem for LBK settlement at Maastricht-Cannerberg. We may 
therefore expect future studies of LBK settlements in Limburg to change these outcomes. 
Model 9 also indicates that the emergence of SWB communities in the Netherlands and 
Belgium predates the arrival of LBK communities. The estimate for the earliest appear-
ance of SWB communities is 5542–5504 BC (68.3% probability), possibly 5578–5473 BC 
(95.4% probability). This start date is consistent with those obtained by other studies, but 
note that the integration of domesticated plants and animals by SWB communities likely 
occurs after the disappearance of LBK (see Menne – Brünner 2021; Dreshaj et al. 2022; 
2023a; 2023b; Raemaekers et al. 2023). As a result of this early start date for SWB com-
munities, the likelihood of overlap between LBK and SWB communities approaches 100%. 
The duration of this overlap is estimated between 426–515 years (68.3% probability), pos
sibly 378–570 years (95.4% probability; see Fig. 7; Online Supplementary Material 1). 
This estimate fits well with available evidence for continuity of Late Mesolithic popula-
tions in the Dutch wetlands (Amkreutz 2013; Olalde et al. 2026).

Fig. 8B. Overview of Model 10 for LBK and post-LBK settlements in Hesbaye – continued. For convenience, 
only normal boundaries are shown (see Online Supplementary Material 1). The horizontal brackets are the 
one-sigma and two-sigma confidence intervals of the posterior distributions.
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The estimated end date of LBK communities in Hesbaye is likely after that in Limburg 
(see Fig. 8; Online Supplementary Material 1). Model 10 estimates that the last occur-
rence for LBK settlements was between 5024–4952 BC (68.3% probability), or possibly 
5040–4896 BC (95.4% probability). The duration of the end boundary is estimated to be 
0–42 years (68.3% probability) or 0–110 years (95.4% probability). Unfortunately, few 
radiocarbon dates are available for the subsequent BVSG communities in Hesbaye (see 
Online Supplementary Material 1), resulting in a broad estimate for their earliest appear-
ance: 5377–4879 BC (68.3% probability), possibly 6224–4848 BC (95.4% probability). 
In turn, this broad estimate causes the likelihood of overlap to approach 100%. The estim
ated duration for this overlap also varies significantly: anything from a 106-year occupation 
gap to a 415-year overlap between LBK and BVSG is possible at the 68.3% probability 
level (-125–1251 years at 95.4% probability; see Online Supplementary Material 1).

The Bayesian chronological model for the Rhineland estimates a latest appearance of 
LBK between 5186–4871 BC (68.3% probability), possibly 5199–4782 BC (95.4% prob-
ability; see Fig. 6; Online Supplementary Material 1). The estimated duration of the end 
boundary is longer than those in Limburg or Hesbaye: between 0–212 years (68.3% prob-
ability) or possibly 0–393 years (95.4% probability). This may imply a comparatively slow 
process. Unfortunately, Model 8 returns a low convergence for the post-LBK groups (see 
Online Supplementary Material 1), likely due to the small number of available radiocar-
bon dates (n=2). In fact, the high-quality dataset contains no radiocarbon dates for GG 
communities which are held to follow LBK communities in the Rhineland (see Online 
Supplementary Material 1, cf. Denaire et al. 2017, 1132). Therefore, no conclusions about 
potential settlement gaps in this region can be drawn based on Model 8.

Discussion

We present two Bayesian chronological models for the overarching chronology of LBK 
occupation in Limburg, Hesbaye, and the Rhineland. These models represent different points 
of departure for an absolute chronology: Model 6 prioritises the pre-existing overarching 
ceramic typochronology, whereas Model 7 relies primarily on the available radiocarbon 
dates to draw conclusions about chronological patterns.

Both models are defensible with the current state of research. On the one hand, a turn 
to radiocarbon-based chronology is warranted given the long-standing difficulties in 
combining the regional typochronologies from Hesbaye, Limburg, and the Rhineland. In 
a broader framework, studies have also shown that ceramic styles which were traditional-
ly held to be chronological markers are longer-lived than previously thought and partially 
contemporaneous (Jakucs et al. 2016; Trampota – Květina 2020; Furholt et al. 2020; 
Oberc et al. 2022; Masclans et al. 2025; Pilař et al. 2026). On the other hand, the radio-
carbon evidence is far from perfect. The shift in sample materials from charcoal to short-
lived, single-entity samples (primarily charred cereals and seeds) has delivered a significant 
improvement in data quality over the past two decades (Jadin 2003) but the risk of residual 
and intrusive dates remains high (Bayliss et al. 2011, 40–42; cf. Gronenborn et al. 2014, 
79). Neither model is, therefore, perfect.

Collapsing these alternative models into one will be a key challenge for archaeological 
investigations of the LBK and post-LBK transition in the study area. We are optimistic 
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that such a merger is possible even with current methods (cf. Whittle 2018). As shown 
through a simulation in Model 5, a relatively small set of radiocarbon dates with a preci-
sion towards the lower margin of those typically seen in modern AMS dates would al-
ready suffice to substantiate the overarching typochronology from Blouet et al. (2021). In 
addition, emerging methods such as AMS dating of organic temper (Teetaert et al. 2020) 
and compound-specific radiocarbon dating of absorbed lipids (Casanova et al. 2020) can 
extend the spectrum of datable materials. Therefore, we call for a renewed engagement 
with absolute dating for the LBK and post-LBK transition in the Netherlands, Hesbaye, 
and the Rhineland.

In a broader framework, our Bayesian chronological models shed new light on the 
spread, settlement dynamics, and end of LBK societies. The results of Models 8–10 sug-
gest that the expansion of LBK communities may not be gradual but episodic. The earliest 
appearance of LBK communities in the Rhineland most likely occurred during the last 
decade of the 54th century BC. This is roughly contemporaneous with the estimates for 
the appearance of LBK communities in Lower Alsace (see Denaire et al. 2017, 1104). 
However, a gap of at least one century then occurs until the most likely first appearance of 
LBK settlements in Limburg and Hesbaye during the 52nd century BC. Again, the appear
ance of LBK communities in Hesbaye and Limburg may be contemporaneous. Therefore, 
the expansion of LBK communities may be episodic with pauses of several generations 
between rapid expansion events into adjacent regions. This further illustrates the arrhyth-
mic nature of the Neolithic expansion (e.g., Dubouloz et al. 2017; Hamon – Manen 2021).

The outcomes of the Bayesian chronological models also indicate that the initial 
appearance of LBK may have been followed by a rapid increase in settlement densities. 
Model 6 suggests a contraction of the initial phases of the LBK across all three regions is 
likely, implying that the peaks observed in current studies may be steeper. This is also 
corroborated by Models 8–10, which show that the dating ranges of multiple LBK settle-
ments likely coincide with the earliest appearance of LBK communities (cf. Balkowski et 
al. 2016). Given that we are much more likely to detect settlements from a potential peak 
in the occupation than from a sparse oldest phase, the fact that the age of multiple settle-
ments approaches the earliest possible arrival date for LBK communities suggests a boom 
in settlements may have followed shortly after the initial arrival of these communities 
(cf. Balkowski et al. 2016). A similar, rapid increase in population densities has also been 
detected in Alsace (Denaire et al. 2017).

The combination of an episodic expansion process and a rapid increase in settlement 
densities shortly after initial arrival also sheds light on the social dynamics of the LBK 
expansion (Hofmann 2016; 2020; Furholt 2018). The rapid increase in population densities 
may be too rapid to be caused by autochthonous population growth alone (cf. Masclans 
et al. 2025). Instead, we may envision LBK expansion as a two-stage process as proposed 
by Bosquet – Golitko (2012). During the first ‘pioneer’ phase, subcommunities migrate 
from settled areas, in which population densities are rising, and form small settlements 
in new areas. News about these new settlements spread back to core areas, attracting fur-
ther migration and leading to rapid settlement expansion during a ‘main phase’ with a high 
diversity among settlement communities (cf. Jakucs et al. 2016; Masclans et al. 2025). In 
turn, these conditions may trigger new outward migration events.

The environmental impact of the rapid increase in LBK settlement densities is corrobor
ated by palynological profiles from Kleine Gete (Bakels 1992; Lodewijckx 2009, 33–35), 
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Sittard (Bakels 2021), and Linnich-Broich (Kalis 1988). Bakels (2021, 170–171) argues 
that all three palynological profiles show an opening up of forests after the arrival of LBK 
communities, potentially due to logging and gathering of young branches as fodder for 
cattle. Forest recovery sets in after the end of the LBK period. A similar impact has been 
reconstructed on the basis of charcoal found at LBK settlements in Hesbaye (Salavert et al. 
2014).

The Bayesian chronological models also show that a change occurred in LBK settle-
ment after the initial peak. Around the middle of the 51st century BC, the construction of 
enclosures in Hesbaye and the Rhineland most likely began. This is contemporaneous with 
the digging of wells at LBK settlements in the Rhineland (Balkowski 2024, Fig. 25) and the 
most likely end date of the LBK settlement cluster in Limburg. In addition, it may coincide 
with the end of LBK occupation in Alsace (Denaire et al. 2017, 1130). Several studies 
have suggested that a decrease in rainfall during this period may have adversely affected 
LBK societies in the study area (Bocquet-Appel et al. 2015; Gronenborn et al. 2014, but see 
Shennan et al. 2013). However, it is also clear that LBK communities in the Rhineland 
and Hesbaye persisted throughout this period.

The Bayesian chronological models also shed new light on the timing and tempo of 
the post-LBK transition in the study area. The most likely scenario given the current data 
is that the LBK settlements in Limburg disappeared within a couple of decades during the 
middle of the 51st century BC, although radiocarbon dates for the latest phases are still 
sparse. We found no suitable dates for subsequent RÖ inhabitation in the Netherlands, but 
Model 9 does show that SWB societies with ties to older Mesolithic populations persisted 
throughout the LBK and post-LBK period (see Fig. 7; Amkreutz 2013; Olalde et al. 2026). 
LBK settlements in adjacent Hesbaye and Rhineland were likely longer-lived, potentially 
persisting until the first decades of the 50th century BC (see Fig. 6; Fig. 8). Unfortunate-
ly, radiocarbon dates from post-LBK groups in both areas are sparse. Based on the avail-
able radiocarbon dates from the Rhineland, no conclusions can be drawn about a potential 
settlement gap between LBK and post-LBK communities (see Fig. 6). In Hesbaye, both 
an occupation gap and a long overlap between LBK and BVSG are possible based on the 
currently available radiocarbon dates (see Fig. 8).

This heterogeneity in the timing and tempo of the post-LBK transition is not consist-
ent with a single process affecting all these communities simultaneously, but suggests that 
the dynamic of the post-LBK transition may have been tied to local circumstances. These 
local variations may have structured circulation networks during the post-LBK transition, 
as stronger connectivity is apparent in regions where archaeological evidence points to 
continuous settlement (see Denis et al. in press).

Conclusion

We shed light on LBK settlement dynamics and the post-LBK transition in Hesbaye, Lim
burg, and the Rhineland through Bayesian chronological modelling. The outcomes of this 
study further highlight the potential of absolute dating and Bayesian chronological model
ling for this period. However, we emphasise that these results are preliminary and in part 
grounded in sparse data. We have focused on the most likely scenarios throughout this 
paper, but the one-sigma and especially two-sigma confidence intervals leave the door 
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open to many alternative interpretations. Therefore, we hope that these results will inspire 
renewed interest in absolute dating of archaeological material from this period and con-
tribute to greater attention for chronometric hygiene and new high-precision radiocarbon 
dating methods. Even with current absolute dating methods and analyses, an overview of 
LBK settlement dynamics with a resolution of decades is firmly within reach.
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