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ABSTRACT

Vlaardingen (VL) communities on the Dutch West coast (3400-2200BCE) are part of a unique, long-term continuity in the
European Neolithic. Despite large-scale changes in European populations during the Neolithic, the genomic diversity and cul-
tural practices of VL communities can be retraced to the Mesolithic. The resilience of VL communities is attributed to their
settlement system: a hypothesised network connecting diverse VL settlements and enabling optimal exploitation of the dynamic
Dutch wetland environments. However, no systematic evaluations of this settlement system exist to date. This study sheds light
on the VL settlement system through ceramic petrography. We conduct the first large-scale petrographic survey of VL vessels,
incorporating new and legacy data. Moreover, we introduce a novel statistical approach to petrographic data which detects
knowledge sharing about paste recipes between VL settlements. Ethnographic studies show that knowledge about paste recipes
is transmitted within households. Therefore, the diversity and similarity in paste recipes at, and knowledge sharing about paste
recipes between, VL sites should reflect the community structures and intersite relations proposed by the VL settlement system.
The results point towards more complex intersite mobility of persons, ceramics and/or knowledge than envisioned in the VL
settlement system. VL potters shared knowledge about paste recipes irrespective of spatial proximity. Moreover, VL potters at
specific sites experimented with paste recipes and vessel shapes from neighbouring FBW and CW communities, respectively.
This willingness to exchange knowledge and to experiment with novel behaviours from across social boundaries may explain the
millennia-long persistence of communities in the Dutch wetlands.

1 | Introduction Beckerman 2015). In addition, recent ancient DNA studies

have demonstrated the persistence of high amounts of western
Vlaardingen (henceforth VL) communities in the Dutch wet- hunter-gatherer ancestry in VL communities, despite major
lands (ca. 3400-2200BCE) represent a remarkable continu- shifts to early farmer ancestry and steppe ancestry in commu-
ity in the European Neolithic. In terms of cultural practices nities across Europe during this time (Olalde et al. 2026). A key
and subsistence economy, these communities adhere to tra- factor in explaining the resilience of VL communities is their

ditions which go back to the Late Mesolithic (Amkreutz 2013; settlement system (Louwe Kooijmans 1993; Raemaekers 2003;
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Amkreutz 2013). However, robust evidence for this settlement
system is sparse to date.

VL communities inhabited a highly dynamic wetland land-
scape in which the available food sources at any one location
constantly fluctuated (Amkreutz 2013, 308; Raemaekers 2003,
744-745). As a result, each VL settlement featured activities
tailored to its local environment. The VL settlement sys-
tem is thought of as a support network which encompasses
and connects these varied VL settlements. VL communities
would shift people and resources between these sites on var-
ious time-scales (e.g., seasonal) to optimally exploit these en-
vironments, enabling them to thrive in these highly varied
wetland settings (Amkreutz 2013; Louwe Kooijmans 1993;
Raemaekers 2003). This explanatory model for VL sites has
been criticised on theoretical (Amkreutz 2013) and empirical
grounds (e.g., Van den Dikkenberg and Van Gijn 2024; Van
den Dikkenberg et al. 2024), but a systematic test is absent
to date. Consequently, a core characteristic of VL society and
key explanatory factor for their remarkable resilience remains
poorly understood.

Here, new light is shed on the VL settlement system with a novel
approach to ceramic petrography. We conduct the first compre-
hensive petrographic survey of VL ceramics, incorporating both
new (De Bruin 2024) and legacy (Kroon et al. 2019) data from
settlements across Dutch West coast (see Figure 1). Our anal-
ysis departs from classic petrographic studies in archaeology

(e.g., Whitbread 1989; Quinn 2013) by focussing on potters'
choices during raw materials selection and paste preparation.
These technical choices, referred to here as paste recipes, are
learned knowledge which was passed on within local commu-
nities (Arnold 2018). We apply statistical tools from ecology
(Simpson 1949) and probability theory (see Kroon 2024) to test
whether the diversity in, and knowledge sharing about, paste
recipes conform to the intersite interactions proposed in the VL
settlement system.

2 | Materials

VL communities have three core characteristics. The first
is a specific ceramic style featured in hand-made pottery
(Beckerman and Raemaekers 2009). The second characteristic
is a subsistence economy focussed on the exploitation of wild
resources but also incorporating agriculture and domesticated
animals (Raemaekers 2003). Lastly, VL communities prefer to
locate settlements on high grounds next to open surface water
(see below). The characteristic settlement system of VL commu-
nities is the intersection of the last two characteristics.

VL settlements, even those which are contemporaneous or in
close proximity, are otherwise highly diverse in terms of land-
scape location, size and subsistence economy. The VL settle-
ment system is an attempt to explain and unify these diverse
sites. It classifies VL sites into three categories based on their

[ Water

R @ 1. Den Haag Steyrfl.wof"

E Tel.—tairy arr:d °'d§r deposlits @ 2. Hazerswoude-Rijndijk
Salt marshes and river plains i

— @ 3 Hekehrﬁgen m

[1 Pleistocene coversands, below 16 and 0 m. -NAP 0 4. Vlaardingen Arij Koplaan

[ Pleistocene coversands, below 16 m. -NAP N

[ Pleistocene coversands, above 0 m. NAP ’ 5. Voorschoten-De Donk

[ Riverdunes @ 6. Zandwerven

3 Riverplains and valleys O Other Vlaardingen sites

[] Beaches and dune valleys

[] Beach barriers and lower dunes

[0 Moraine

Bl Peat

[] Mudflats

FIGURE1 | Palaecogeographical map of the Netherlands with all sampled and known VL sites. (A) Detail of the location of Zandwerven; (B) de-

tail of the locations of Den Haag Steynhof, Hazerswoude Rijndijk; Hekelingen III; Vlaardingen Arij Koplaan, and Voorschoten-De Donk (Van den

Dikkenberg and Brandsen 2025; Vos et al. 2020).
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environmental setting: coastal sites, levee sites and river dune
sites. Each category would play a different role in an overarching
settlement system (Louwe Kooijmans 1993; Raemaekers 2003).
We focus here on the two best known categories: coastal sites
and levee sites.

The first settlement type, coastal sites, is located on coastal
dunes. VL sites in salt marshes are sometimes also included in
this category (Raemaekers 2003). These sites often feature sub-
stantial residential architecture, evidence for hide-working and
a subsistence economy centred on domestic animals and crops
(Louwe Kooijmans 1993; Petrogiannaki and Van Gijn 2024;
Raemaekers 2003). Consequently, coastal sites would be perma-
nent settlements for multiple VL households.

The second category of sites is located on levees. Subsistence ac-
tivities at these sites are focussed on hunting, fishing and gath-
ering (Louwe Kooijmans 1987; Raemaekers 2003). Cereals are
systematically found at levee sites but are thought to have been
imported rather than locally cultivated (Out and Dérfler 2017).
Levee sites do not yield traces of substantial structures, but
small huts have been attested (e.g., Louwe Kooijmans 1987, 245).
Therefore, levee sites are interpreted as seasonal camps which
were occupied by small communities, potentially individual
households from nearby coastal sites, who travelled back and
forth to these coastal sites carrying harvested resources (Louwe
Kooijmans 1993; Raemaekers 2003).

The last settlement type is river dune sites. River dune sites are
often little more than sparse artefact scatters. A role as tempo-
rary hunting camps for nearby coastal and levee sites has been
suggested, but these settlements remain ill-understood (Louwe
Kooijmans 1993; Raemaekers 2003). Hence, river dune sites
have been excluded here.

Thus, the VL settlement system explains the diversity of VL
settlements by arguing these settlements form a broader, in-
terconnected system. This interpretation has been challenged
over the past decade. In particular, the singular focus on en-
vironmental conditions to explain human behaviour has been
criticised (see Amkreutz 2013). This criticism is in part borne
out by use-wear analyses of lithic artefacts at VL sites. These

studies systematically demonstrate a more diverse set of activ-
ities than those envisioned in the classification of these sites
(Van den Dikkenberg and Van Gijn 2024; Van den Dikkenberg
et al. 2024). These problems raise the need for new approaches
which can assess the relations between VL settlements and
test whether these relations conform to the VL settlement
system.

We argue that a systematic analysis of paste preparation pro-
cesses in VL vessels meets these requirements. Ethnographic
studies show that households or local groups play a prom-
inent role in the transmission of knowledge about ceramic
paste preparation in small-scale, domestic ceramic produc-
tion, leading to a correlation between technical choices and
households or local communities (Arnold 2018; Wallaert 2012;
Roux et al. 2017). Moreover, knowledge about raw materials,
such as their behaviour during firing and source locations
in the landscape, is often tied to local communities of pot-
ters (Arnold 2018; Gosselain and Livingstone Smith 2005).
Assuming that these patterns apply to VL ceramic production,
testable hypotheses can be formulated for the VL settlement
system.

Specifically, we can hypothesise that the different composition
of inhabitants at VL settlements in coastal and levee sites would
lead to differences in the diversity of paste recipes. For exam-
ple, coastal dune settlements would be inhabited by multiple
households, whereas levee sites might be inhabited by subcom-
munities from coastal sites (Raemaekers 2003, 744). As such, we
expect a higher diversity of paste recipes at coastal sites than
at levee sites since these paste recipes are shared within house-
holds. These hypotheses can be tested through a study of paste
recipes at VL settlements.

To detect paste recipes at VL settlements, we prepared thin sec-
tions from 90 vessels from four VL sites (Table 1 and Figure 1)
and incorporated 15 previously published thin sections (Kroon
et al. 2019; Table 1). The following coastal sites were sam-
pled: Den Haag Steynhof (Van Zoolingen and Bulten 2021),
Voorschoten De Donk (Van Veen 1989) and Zandwerven (Van
Regteren Altena and Bakker 1961). The sampled levee sites
are Hazerswoude Rijndijk (Diependaele and Drenth 2010),

TABLE1 | Overview of sites, site types, date range, source of radiocarbon dates, number of thin sections and source thereof.

Date range
(in years Thin Source thin

Site Site type cal. BCE) Source 14C-dates sections sections
Den Haag Steynhof Coastal 3100-2340 Van Zoolingen (2021) 24 This study
Hazerswoude Rijndijk Levee 2871-2350 Kleijne and Huisman (2023) 5 Kroon et al. (2019)
Hekelingen III Levee 3011-2468 Louwe Kooijmans (1985, 100) 32 This study
Vlaardingen Arij Levee 3499-1978 Lanting and Van der 20 This study
Koplaan Plicht (1999/2000, 69-82)
Voorschoten De Donk Coastal 2852-2031 Van Veen (1989) 5 This study
Zandwerven Coastal 2905-2299 Van Heeringen and 19 This study; Kroon

Theunissen (2001, 56)

et al. (2019)

Note: For the date range of Hazerswoude Rijndijk, see Kleijne and Huisman 2023; for Den Haag Steynhof, see Van Zoolingen 2021; date ranges for the other sites are
based on available 14C-dates, recalibrated in OxCal v4.4.4 with the Intcal20 calibration curve (Bronk Ramsey 2009, 2021; Reimer et al. 2020).
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Hekelingen III (Louwe Kooijmans 1987) and Vlaardingen Arij
Koplaan (Van Beek 1990).

The sample design specifically included ceramics from these
sites with cooking residue to ensure that all studied vessels were
integrated into the domestic activities. The vessels may still have
been imported to the sites (see Kroon et al. 2019) but their inte-
gration into domestic activities implies that the paste recipes still
reflect the diversity in available technical knowledge at these
sites. Moreover, this sample design allows for follow-up analyses
on extracted lipids and food crusts to study vessel use (Van Gijn
et al. 2025).

We also include a number of thin sections from contemporane-
ous Funnel Beaker West (FBW) and Corded Ware (CW) vessels
to examine VL paste recipes in a broader context. These samples
include 15 thin sections from CW vessels found at VL settle-
ments in the coastal area (see Kroon et al. 2019), 42 thin sections
from FBW vessels found in funerary contexts further inland (see
Kroon 2024) and 19 thin sections from CW vessels found in fu-
nerary contexts further inland (see Kroon 2024). FBW and CW
ceramics from settlement contexts would have been preferable
for the last two datasets. However, FBW and CW settlements
are rare in the Netherlands (Mennenga 2017; Bakker 1982,
88-90). Moreover, FBW vessels in funerary contexts are argued
to stem from domestic contexts (Brindley 2022, 140; Brindley
and Lanting 1992, 137), although this may not apply to CW
(Wentink 2020). As such, these thin sections serve as an indica-
tion of the paste recipes in use among contemporaneous inland
communities.

3 | Methodology

All thin sections were studied at the Laboratory for Material
Culture Studies in Leiden, with a Leica DM 750P micro-
scope with a HC plan s10x/22 mm eye piece and three lenses:
Hi plan 4x/0.10, Hi plan 10x/0.25 and Hi plan 40x/063. The
description of the thin sections followed the scheme from
Whitbread (1989) with modifications from Quinn 2013 (see
Kroon et al. 2019).

Documenting paste recipes requires variables which relate to
artisanal choices rather than strict geological classifications
(Arnold 2000). We constructed 10 binary variables to capture
categories of materials and choices which we believe would
have been distinct to prehistoric potters (see Arnold 2000)
and which can be detected with optical microscopy. These
variables are the use of (1) calcareous or (2) ferruginous clay
(Quinn 2013); the presence of (3) abundant (> 20% surface
area) or (4) sparse (< 20% surface area) silt in the clay matrix;
the addition of tempers including: (5) crushed rock, (6) grog,
(7) plant matter, (8) sand and (9) bone; and lastly homogeni-
sation of the clay paste in a (10) dry or (11) wet state (Ho and
Quinn 2021). Thin sections are grouped by unique combina-
tions of these 10 variables for choices in clays, tempers and
paste preparation. We refer to these unique combinations as
paste recipes.

To calculate the diversity in paste recipes at VL settlements, we
first determine the relative frequency of each paste recipe at all

settlements. We then compute the Gini-Simpson diversity index
with the simpson library in Python (Chorley 2014) over these
data. This index provides a quantitative estimate of the diversity
in paste recipes (Simpson 1949).

Next, we test whether diversity in paste recipes corresponds
to settlement type. To perform this test, we formulate two
rankings for the sampled VL settlements. The first ranking
encodes the relative height of the Gini-Simpson index for each
site. The second ranking is based on the expected diversity
of paste recipes at each settlement. In this ranking, coastal
sites receive rank 1, whereas levee sites receive rank 2 (see
Materials selection). Subsequently, we test whether a mono-
tonic relation exists between these two rankings by calculat-
ing Kendall's Tau-b in SciPy (v1.16.2; Virtanen et al. 2020).
Kendall's Tau-b is preferred in this context due to the compar-
atively small number of observations (Hollander et al. 2015;
Kendall 1938, 1945). As such, this test enables us to test the
hypothesis that coastal sites are more diverse in terms of paste
recipes than levee sites.

To also determine the similarity in paste recipes between VL
settlements, we construct a probability distribution for each site
by interpreting the relative frequency of a given technical choice
as the odds of that choice occurring in a paste recipe. We apply
the same operation to the thin sections from CW vessels from
coastal sites, CW vessels from inland sites and FBW vessels (see
Materials selection).

We perform a pairwise comparison of these empirical probabil-
ity distributions with the Wasserstein distance in SciPy (v1.16.2;
Virtanen et al. 2020). The Wasserstein distance is a nonparamet-
ric measure which calculates the optimal number of changes
necessary to transform one probability distribution into another.
The more changes required for the transformation, the larger
the Wasserstein distance (Villani 2009; Ramdas et al. 2017).
Given that the empirical probability distributions reflect both
the relative frequency and presence/absence of technical choices
of potters at a given site, the Wasserstein distance between two
sites is an indicator for the amount of shared technical knowl-
edge (see Kroon 2024).

We then apply a permutation test to determine whether the
Wasserstein distance between two empirical probability dis-
tributions indicates a significant number of shared technical
choices. For this evaluation, we generate 1000 random proba-
bility distributions. The random generation process builds a
distribution by picking either a random percentage of vessels
with a specific technical choice (in the case of tempers) or two
random percentages such that these add up to 100% (for com-
pound variables such as the use of calcareous or ferruginous
clay). We then calculate the Wasserstein distances from the
first of the paired, empirical distributions to each of these ran-
domly generated distributions. This creates a new probability
distribution of the likelihood that a given Wasserstein distance
is found given that one set of choices is made at random. We
then calculate the percentile rank (p) of the Wasserstein dis-
tance between the two empirical distributions relative to this
new distribution with SciPy (v1.16.2; Virtanen et al. 2020). As
such, p is the likelihood that the similarity between the two
empirical distributions would result from a random process in

4
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which no technical knowledge is shared. The lower the value
of p, the likelier that technical knowledge about these choices
was shared. Consequently, this procedure enables us to eval-
uate the likelihood that technical knowledge was shared be-
tween two VL settlements.

Finally, we perform a Mantel test to determine whether shared
knowledge about paste recipes predominantly occurred be-
tween adjacent, local communities. In this test, we compare the
lower triangular matrix of the significant Wasserstein distances
between VL settlements against a distance matrix with the geo-
graphic distances between these sites. The latter matrix is cal-
culated using the geo_distance function from the geopy v. 2.4.1
library in Python (Tygart et al. 2018; Karney 2013). The Mantel
test returns the linear correlation between the two distance
matrices in the form of the Pearson's correlation coefficient (p)
as well as a p-value (p) and a Z-score () to assess the signif-
icance of the outcome (Carr 2015; Mantel 1967). For perform-
ing the Mantel test, we use the mantel v2.2.2 library in Python
(Carr 2015).

4 | Results

Eighteen petrofabrics were identified in the sampled VL ce-
ramics through optical microscopy (see Figure 2, Table 2 and
Supporting Information for full detailed thin section descrip-
tions). These petrofabrics relate to both technological and com-
positional characteristics. For the purposes of this study, we
discuss the technological choices in these fabrics in more de-
tail below.

4.1 | Choice of Clays

All sampled thin sections feature calcareous clays. These clays
are recognisable through golden brown (Figure 2, e.g., petrofab-
ric 3) to pale brown (Figure 2, e.g., petrofabric 18) interference
colours (Quinn 2013; see Figure 2). These interference colours
were observed either throughout the entire thin section or in the
oxidised margins. The cores and/or margins on various thin sec-
tions also feature dark brown or dark grey interference colours
due to the presence of organic materials which were added (see
below) or present naturally (see Figure 2, e.g., petrofabric 14 and
16, respectively).

The thin sections feature various textural concentration features
(TCFs) with red brown to orange interference colours, which are
indicative of ferruginous clays (Quinn 2013; see Figure 2, e.g.,
petrofabric 7). TCFs with brown or yellow brown interference
colours also occur (e.g., Figure 2, petrofabric 18). The shapes and
boundaries of these TCFs were used to determine detection of
clay mixing (Ho and Quinn 2021; see below).

The samples exhibit considerable variation in the abundance of
the fine fraction of the inclusions. The most common mineral in
the fine fraction is angular quartz, which fits the sedimentary
nature of Dutch clay deposits (see Berendsen 2011). However,
samples in petrofabrics 1, 5, 7, 12 and 13 feature abundant fine
inclusions, up to and over 20% of the surface area of the sample
(see Figure 2). By contrast, the fine fraction is far less abundant

in petrofabrics 2, 9, 10 and 18 (see Figure 2). Fabrics with and
without abundant inclusions in the fine fractions occur on all
VL settlements. However, Zandwerven stands out for having rel-
atively many fabrics with a sparse fine fraction (64%), whereas
fabrics with an abundant fine fraction are more common at
Hekelingen I11(63%), Den Haag Steynhof (50%) and Vlaardingen
Arij de Koplaan (45%).

4.2 | Selection of Nonplastic Inclusions

For the choice in raw materials, we rely on the observations
about the coarse fraction of the inclusions. In general, the
sampled fabrics are bimodal or multimodal. In the latter case,
rounded quartz fragments in the size range of medium to fine
sand were likely added to the matrix (see Figure 2, e.g., group 6).

Three materials commonly occur in the coarse fraction of the
inclusions. Angular rock fragments are the most common el-
ement (73% of thin sections, e.g., Figure 2, petrofabric 2), and
these chiefly encompass mono- and polycrystalline quartz as
well as plutonic rocks (granite and diorite). Grog is the second
most common inclusion, occurring in 45.6% of the fabrics (e.g.,
Figure 2, petrofabric 12), followed by plant matter (10%; e.g.,
Figure 2, petrofabric 2). No absolute differences in choice of non-
plastic inclusions exists between sites. However, two sites stand
out. At Zandwerven, a relatively high percentage of fabrics was
enriched with large fragments of plutonic rock (92%), whereas
at Hekelingen III, Den Haag Steynhof and Vlaardingen Arij de
Koplaan, around 60% of the fabrics feature tempering with grog
(see Supporting Information).

These differences in the preference of inclusions and temper may
relate to the natural availability of these materials. Zandwerven
is relatively close to glacial deposits which are the only source of
plutonic rock fragments in the Netherlands. Den Haag Steynhof,
Vlaardingen Arij de Koplaan and Hekelingen III, on the other
hand, are at the end of the Rhine-Meuse delta in which silicate
gravel (primarily quartz and quartzite) is the primary available
rock (Berendsen 2011, 112; Zandstra 1978, Tab. A).

4.3 | Paste Homogenisation

We distinguished between wet and dry paste preparation on the
basis of the shape and boundaries of TCFs in the fabrics. We
took the presence of clay lumps and lenses with clear boundaries
as an indication for dry paste preparation,and the presence of
streaks and laminations as an indicator for wet paste prepara-
tion (Ho and Quinn 2021).

Wet paste preparation is more common (60%) than dry paste
preparation (40%) in the fabrics. However, this overall balance
hides an important distinction. At Vlaardingen Arij de Koplaan,
Den Haag Steynhof and Hekelingen III, the percentage of thin
sections with traces of wet paste preparation varies between 45%
and 58%. However, approximately 86% of the thin section from
Zandwerven features signs of wet paste preparation. Therefore,
it appears that the potters at Zandwerven took a different ap-
proach to paste homogenisation than those at the other VL
settlements.
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FIGURE 2 | Photomicrographs of the 18 petrofabrics (in XP).

4.4 | Analysis of Diversity in Paste Recipes

After conversion of these petrographic observations into distinct
paste recipes (see Section 3), we calculated the Gini-Simpson
diversity index for each site and tested for a correspondence
between the site type and the diversity in paste recipes (see
Table 3).

We observe that the test statistic (p) of Kendall's Tau-b far exceeds
a=0.05 (Table 3), indicating that the zero hypothesis of the test
cannot be rejected. In other words, the test indicates that the
two rankings are not correlated. Irrespective of the test statistic,
the correspondence between both rankings (7) is negligible (see
Table 3). These outcomes likely result from the relatively high di-
versity values observed in all VL settlements sampled here. Only
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TABLE 3 | Diversity indices (real and ranked) and ranks for
expected diversity for all sampled VL settlements.

Expected

Site Observed diversity diversity
Gini-
Simpson

Name index Ranked Rank
Den Haag 0.9132 2 1
Steynhof
Hazerswoude 0.7999 5 2
Rijndijk
Hekelingen III 0.9434 1 2
Vlaardingen 0.89 4 2
Voorschoten De 0.48 6 1
Donk
Zandwerven 0.8975 3 1
Kendall's Tau-b T P
Outcomes 0.0861 0.8272

Note: The outcomes of the Kendall's Tau-b test are reported at the bottom. Table
entries in bold emphasis present a statistic test rather than a site as the lines
above. This is to make clear that this is a test of the table/outcomes above.

Voorschoten De Donk has a relatively low Gini-Simpson diversity
index and also happens to be a coastal settlement for which high
diversity is expected (see Materials selection). Therefore, we con-
clude that no relation exists between the diversity of paste recipes
at VL settlements and their environmental setting. This outcome
contradicts the hypothesised signature of the VL settlement sys-
tem in the diversity of paste recipes.

Three alternative explanations can be offered for this outcome.
Firstly, the transmission of knowledge about paste recipes may
not be strictly tied to household contexts in VL communities.
Such a scenario could explain the high diversity in paste rec-
ipes irrespective of settlement type, since paste recipes could
occur irrespective of the households present at a site. An alter-
native explanation could be that habitation of (or vessel depo-
sition at) these settlements is not structured along households.
This would also result in a higher diversity in paste recipes than
strictly expected, since paste recipes from multiple households
would end up at the same site. The final explanation, once the
previous two alternatives have been excluded, is that the VL
settlement system as hypothesised in previous studies (Louwe
Kooijmans 1993; Raemaekers 2003) does not exist as such.

Exclusion of the first two alternative explanations is difficult with-
out further information on two factors: population structure and
vessel provenance. Specifically, information on homozygosity or
biological relatedness among individuals at VL settlements could
help to shed light on whether or not multiple households are pres-
ent at these sites (Ringbauer et al. 2024). However, the sparsity
of human skeletal remains at VL settlements and of VL funerary
contexts may complicate such an approach (Olalde et al. 2026).
Similarly, systematic provenance analysis of VL ceramics remains
absent (Kroon et al. 2019) and must be preceded by identifica-
tion of geochemical markers for the various marine, fluvial and

glacial clay deposits in the Netherlands (Griffioen et al. 2016). In
the absence of information on VL population structures and vessel
provenance, we modify the analysis to account for a more complex
relation between paste recipes and settlement communities by im-
plementing a probabilistic comparison.

4.5 | Knowledge Transmission Between VL
Settlements

For the second part of this test, we calculate the similarities in
paste recipes between sites directly with the Wasserstein distance
(see Section 3). This approach does not assume a strict relation
between local communities and paste recipes but does allow us
to detect the impact of the VL settlement system. To detect this
impact, we first assume that knowledge about paste recipes is ac-
quired during direct interactions between potters (e.g., through
apprenticeships, see Wallaert 2012; Roux et al. 2017; Arnold 2018).
Secondly, we assume that the VL settlement system structures
such interactions along geographic proximity. In other words, the
coastal sites are the primary loci of knowledge transmission, but
adjacent communities may meet at satellite levee (and river dune)
sites. This spatially embedded nature of knowledge exchange on
paste recipes should lead to a correlation between the Wasserstein
distance and geographic distance between two sites. In turn, this
correlation can be detected with a Mantel test (see Section 3).

The Wasserstein distances between the VL settlements are shown
in Figure 3. In addition, we also compared the choices of VL potters
against those of potters who made CW vessels in the coastal area
(Kroon et al. 2019) and those of potters who fashioned CW and
FBW vessels further inland (Kroon 2024). We represented these
Wasserstein distances as a spatial network to aid interpretation
(see Figure 4). Three observations stand out from these results.

Firstly, shared knowledge about paste recipes occurs indepen-
dent from spatial proximity, contrary to the hypothesised impact
of the VL settlement system. The Wasserstein distances between
VL settlement sites are not strongest to adjacent sites, but on oc-
casion, skip these adjacent sites and instead run to distant sites
(see Figures 3 and 4). For example, the paste recipes employed at
Hekelingen bear the most resemblance to those at Steynhof, rather
than those at the closer settlement VL. Similarly, Voorschoten-De
Donk does not feature shared knowledge about paste recipes to
Steynhof and Hazerswoude-Rijndijk, despite being in relatively
close proximity to both settlements. This is borne out by a Mantel
test for the masked similarity matrix (Figure 3) and a distance ma-
trix for the geographic distances between the sites (see Section 3).
The two-tailed Mantel test returns p=0.2, with p=0.74 and
z=0.41. The low veridical correlation and poor significance values
indicate no linear correlation exists between the spatial distances
and Wasserstein distances between these settlements. Therefore,
it appears that these communities share knowledge about paste
recipes independent of geographic distance.

Secondly, two VL settlements are outliers in terms of paste
recipes. These outliers are Zandwerven and Voorschoten De
Donk. Neither settlement features significant similarities to
the other VL settlements. Instead, the paste recipes at these
sites best resemble those observed in FBW vessels found fur-
ther inland (see Figures 3 and 4). Looking at the thin sections
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Wasserstein distance between sites

(unmasked)

Wasserstein distance between sites
(masked: p < 0.05)

Hekelingen
Steynhof 21.36

Vlaardingen 19.09

Hazerswoude-Rijndijk 5.76 5.45 ! 20.0
Zandwerven A 0.0 [16.48

Voorschoten-De Donk 21.36 19.09 20.0 /16481 0.0

FBW -

Inland CW A

7.16 9.75 pAWEN 9.82 7.34 | 6.02

2.84 0.0

4.24 | 576 8.25 il

7.99 4.09

58 424 00 | 545 7.52 K] 11.01 4.85

11.47 7.15

7.16 | 576 545 0.0 8.14 o 8.33
9.75 8.25 7.52 8.14 0.0 6.34
9.82 9.25 871 833 6.34 0.0 10.1 7.29

7.34 7.99 11.01 11.01 11.47 paWxl 10.1 00 6.77

6.02 4.09 4.85 6.67 7.15 miEE 7.29 6.77

Hekelingen

Steynhos

Vlaardingen
Zandwerven A
FBW -

Hazerswoude-Rijndijk A
Voorschoten-De Donk

FIGURE 3 |

Inland CW -

FBW

Coastal CW
Hekelingen
Steynhos
Vlaardingen
Zandwerven
Inland CW
Coastal CW

Hazerswoude-Rijndijk
Voorschoten-De Donk

Heat map of the Wasserstein distances between paste recipes at VL settlements, as well as those in CW vessels from coastal settle-

ments, and CW and FBW vessels from inland communities. Left: heatmap masked for p <0.05.

(see Supporting Information S1), these short Wasserstein
distances are likely caused by technical choices while add-
ing temper and homogenising the paste. At both VL settle-
ments, potters opted to add crushed rock and perform paste
homogenisation on a wet paste relatively often compared to
the other VL settlements. Both choices are characteristic for
FBW paste recipes (see Kroon 2024). However, neither of the
Wasserstein distances to FBW paste recipes is significant (see
Figures 3 and 4), indicating that VL potters at these sites either
adopted only some elements of FBW paste recipes or used ad-
ditional paste recipes. Therefore, these potters learned and ex-
perimented with paste recipes from FBW communities rather
than outright adopting them.

The last observation pertains to CW vessels from the coastal
area. Strikingly, the paste recipes of these vessels do not feature
significant similarities to paste recipes from CW vessels found
further inland. Instead, the paste recipes in these vessels feature
relatively short Wasserstein distances to those used at multiple
VL settlement sites (see Figures 3 and 4). These paste recipes in
CW vessels from coastal settlements indeed deviate from those
of inland vessels in terms of tempers and paste preparation (see
Supporting Information S1; Kroon et al. 2019; Kroon 2024).
Compared to paste recipes in inland CW vessels, the potters who
fashioned these vessels from coastal contexts less often opted to
add grog to the paste and more often opted for sand and crushed
rock. Moreover, wet paste homogenisation is more prevalent in
vessels from coastal sites than those in inland sites. Both factors
contribute to the match with VL ceramic technology. As such,

it appears that these vessels, despite being CW vessels in terms
of typology, were made from clay pastes which follow the paste
recipes found at VL sites on the Dutch West coast.

5 | Knowledge Transmission in the Wetlands

In this paper, we study the VL settlement system through a pe-
trographic study of paste recipes in VL ceramics. Knowledge
about these recipes is passed on within households or local
communities (Arnold 2018; Wallaert 2012; Roux et al. 2017).
Therefore, diversity and similarities in paste recipes at VL sites
can be used to test the population structures at, and relations
between, VL sites which are proposed within the VL settlement
system (see Raemaekers 2003; Louwe Kooijmans 1993).

Our analyses show that the diversity of paste recipes at VL settle-
ments does not correspond to the hypothesised role of these sites
in the VL settlement system. We find that diversity in paste reci-
pes is systematically high regardless of the proposed differences
in numbers of households at coastal and levee sites (Table 3).
Moreover, knowledge sharing about these paste recipes is not
limited to local communities but appears to be independent
of spatial proximity (Figures 3 and 4). These two observations
point to the existence of complex intersite relations in which
people, vessels and/or technical knowledge moved between
settlements independent of spatial proximity. Further work on
population structures and vessel provenance at VL settlements
could shed new light on these relations.

10
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FIGURE 4 | Network representation of the Wasserstein distances
between paste recipes found in VL vessels, FBW vessels, CW vessels
found inland and CW vessels from the coastal area (see Figure 3). The
network contains only edges for which p<0.05. Network visualisation
with Gephi's Geo Layout algorithm (Bastian et al. 2009; for background
maps, see Vos et al. 2020; Eurostat: EuroGeographics for the adminis-
trative boundaries).

An interesting goal for follow-up studies would be to perform
a diachronic comparison of VL paste recipes. Based on the
currently available radiocarbon dates (Table 1), all sampled
sites are considered broadly contemporaneous. However, some
of these sites exhibit multiphase stratigraphies (see Louwe
Kooijmans 1985; Van Regteren Altena et al. 1962) which could
be used to refine their absolute chronology through Bayesian
chronological modelling (Bronk Ramsey 2009). Indeed, this

method has already been applied successfully to some recently
excavated VL settlements (e.g., Kleijne and Huisman 2023).
Unfortunately, many of the key VL settlements were excavated
decades ago and the legacy radiocarbon dates from these exca-
vations do not lend themselves for in-depth Bayesian chrono-
logical modelling (Bayliss 2015). A renewed radiocarbon dating
program for VL settlements is beyond the scope of this study but
would be a major contribution to our understanding of the VL
settlement system.

Our findings also shed new light on the relations between
the Middle and Late Neolithic VL, FBW and CW commu-
nities in the Netherlands. Contacts between FBW and VL
communities have long been surmised based on the pres-
ence of FBW vessels at VL sites and VL vessels at FBW sites
(Beckerman and Raemaekers 2009, 79; Amkreutz 2013, 342;
Drenth 2019), but the impact of these connections on both
communities was thought to be superficial (Drenth 2019, 832;
Louwe Kooijmans 1983, 58-60; Bakker 1982, 95-6). However,
recent studies of ceramic chaines opératoires have demon-
strated knowledge transmission about ceramic production
between FBW and VL communities (Kroon 2024). Here we
show that specific VL communities also learned and exper-
imented with FBW paste recipes. The transmission of paste
recipes and chaines opératoires often requires apprentice-
ships (Wallaert 2012; Arnold 2018). Therefore, our results
indicate close, formative interactions between VL and FBW
communities.

The interpretation of CW vessels at VL settlements has recently
been debated in light of broader genomic evidence for migration
(see Allentoft et al. 2024; Olalde et al. 2026). On the one hand,
the presence of these CW vessels has been interpreted as an in-
dication for the adoption of CW identities by VL communities
(Beckerman 2015) or even the presence of migrant communi-
ties in the coastal area (Hogestijn 1997). On the other hand,
the characteristic CW burial rites are absent in the coastal area
(Wentink 2020, 340-5; see Furholt 2019), and continuities in ce-
ramic technology, subsistence economy and settlement location
at VL sites indicate continuity of VL groups in the area (Kroon
et al. 2019). Our results shed new light on this debate. We show
that the paste recipes of CW vessels from the coastal area bear
closer resemblance to paste recipes in local VL vessels than to
those of CW vessels found further inland. This further indi-
cates continuity of VL communities and their practices in the
third millennium BCE (see Olalde et al. 2026; Amkreutz 2013;
Kroon 2024), as well as the willingness of VL communities
to experiment with and adopt practices from neighbouring
communities.

6 | Conclusion

The VL settlement system emerged as an attempt to explain
both the persistence of populations in the Dutch wetlands
and the diversity of VL settlements in terms of built-up archi-
tecture, landscape zones, subsistence economy, and crafting
activities. This model proposes that VL settlements in spe-
cific environments are specialised sites which are part of a
broader system in which people and resources move. Despite
the central role of the VL settlement system in explaining
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the resilience of these populations and our understanding of
VL communities, the veracity of this model continues to be
debated.

Here, we apply a novel approach to shed light on the VL settle-
ment system. We use ceramic petrography to detect the paste
recipes used in ceramic production at various settlement sites.
Ethnographic studies show that these paste recipes are trans-
mitted within local communities or households. Therefore, the
diversity and similarity in paste recipes enable us to retrace
community structures and learning events on and between VL
settlements.

We demonstrate that the diversity in and spread of knowledge
about paste recipes in VL communities does not match the ex-
pected signatures of the VL settlement system. Paste recipes at
VL settlements are systematically more diverse than expected,
and this diversity does not correlate with the environments in
which the settlements are located. Moreover, the similarities in
these paste recipes appear to be independent from geographic
distance, contradicting the idea of local communities. In addi-
tion, we show that VL communities were willing to adopt and
experiment with practices from neighbouring CW and FBW
communities.

Thus, we argue that this willingness to engage and experiment
with novel practices is a key factor to understanding VL com-
munities. These communities occupied an ever-shifting wetland
landscape for over a millennium alongside inland FBW and CW
communities. The pluriformity of VL settlements as well as the
resilience of VL communities may well result from this property.

Acknowledgements

This research was supported by a ‘Nederlandse Organisatie voor
Wettenschappelijk Onderzoek’ (NWO) grant for the project Putting Life
into Late Neolithic Houses: Investigating domestic craft and subsistence
activities through experiments and material analysis (grant number:
AIB.19.020). The writing of the article was further supported by a grant
from The Fondation Fyssen (Project: Genetics for Technology. Retracing
the Learning Networks that Shaped the Linear Pottery Culture) and
the ANR MOBILITH project funded by the French National Research
Agency under the reference ANR-24-CE27-1795-01 (PI S. Denis). The
petrographic research was conducted in the framework of a master the-
sis at the Faculty of Archaeology (De Bruin 2024). We thank Annelou
van Gijn and Eric Mulder for their support in acquiring the loans for this
study; Tatiana Crombeen for her help during the sampling; and the de-
pots of the municipalities of The Hague and Vlaardingen, as well as the
depot of the Rijksmuseum van Oudheden in Leiden and of the province
of Noord Holland for providing access to the material. We would like
to thank the anonymous reviewers for their constructive suggestions
which helped to improve the paper.

Data Availability Statement

The data that support the findings of this study are available in the
Supporting Information of this article.

References

Allentoft, M. E., M. Sikora, A. Refoyo-Martinez, et al. 2024. “Population
Genomics of Post-Glacial Western Eurasia.” Nature 625, no. 7994:
301-311.

Amkreutz, L. W. S. W. 2013. Persistent Traditions a Long-Term
Perspective on Communities in the Process of Neolithisation in the Lower
Rhine Area (5500-2500 Cal BC). Sidestone Press.

Arnold, D. E. 2000. “Does the Standardization of Ceramic Pastes Really
Mean Specialization?” Journal of Archaeological Method and Theory 7,
no. 4: 333-375.

Arnold, D. E. 2018. Maya Potters’ Indigenous Knowledge: Cognition,
Engagement,and Practice. University Press of Colorado.

Bakker, J. A. 1982. “TRB Settlement Patterns on the Dutch Sandy Soils.”
Analecta Praehistorica Leidensia 15: 18-124.

Bastian, M., S. Heymann, and M. Jacomy. 2009. “Gephi: An Open Source
Software for Exploring and Manipulating Networks.” Proceedings of the
International AAAI Conference on Web and Social Media 3, no. 1: 361-362.

Bayliss, A. 2015. “Quality in Bayesian Chronological Models in
Archaeology.” World Archaeology 47, no. 4: 677-700.

Beckerman, S. M. 2015. Corded Ware Coastal Communities: Using
Ceramic Analysis to Reconstruct Third Millennium BC Societies in the
Netherlands. Sidestone press.

Beckerman, S. M., and D. C. M. Raemaekers. 2009. “Vormvariatie van
Vlaardingen-aardewerk: Een nieuwe typochronologie van het aardewerk
van de Vlaardingengroep (ca. 3400-2500 v. Chr.).” Archeologie 13: 63-82.

Berendsen, H. 2011. De vorming van het land: Inleiding in de geologie en
geomorfologie. Van Gorcum.

Brindley, A. 2022. “Pottery.” In Making a Neolithic Non-Megalithic
Monument: A TRB Burial Ground at Dalfsen (the Netherlands), c.
3000-2750 Cal. BC, edited by H. Van der Velde, N. Bouma, and D. C. M.
Raemaekers, 69-143. Sidestone Press.

Brindley, A. L., and J. N. Lanting. 1992. “A Re-Assessment of the
Hunebedden O1, D30 and D40: Structures and Finds.” Palaeohistoria
33/34:97-140.

Bronk Ramsey, C. 2009. “Bayesian Analysis of Radiocarbon Dates.”
Radiocarbon 51, no. 1: 337-360.

Bronk Ramsey, C. 2021. “OxCal v4.4.4.”

Carr, J. W. 2015. “Mantel, GitHub.” https://github.com/jwcarr/
mantel.

Chorley, M. 2014. “Simpson, Github.” https://gist.github.com/martinjc/
£227b447791df8c90568.

De Bruin, J. N. 2024. “Created or Exchanged: A Petrographic Analysis
of Distribution Patterns in Ceramics of the Vlaardingen Group During
the Late Neolithic of the Netherlands Between 3400 BCE and 2500 BCE
[Unpublished MSc thesis].” Universiteit Leiden.

Diependaele, S., and E. Drenth. 2010. Archeologisch onderzoek langs
de rijksweg N11 (Spookverlaat) ten behoeve van de aanleg van het
windturbinepark Rijnwoud te Hazerswoude-Rijndijk (ge. Rijnwoude,
prov. Zuid-Holland): Een neolithische vindplaats langs de Oude Rijn.
Standaardrapport, deel 1(ArcheoMedia Rapport A06-286-R en A06-
359-R). ArcheoMedia bv.

Drenth, E. 2019. “The Stein-Vlaardingen Complex and the TRB West
Group: An Inquiry Into Intercultural Contacts and Cultural Diversity
During the Dutch Neolithic as Well as an Impetus to Demographic
Archaeology.” In Megaliths-Societies-Landscapes: Early Monumentality
and Socialdifferentiation in Neolithic Europe, edited by J. Miiller,
M. Hinz, and M. Wunderlich, 819-844. Verlag Dr. Rudolf Habelt
GmbH (Frithe Monumentalitdt Und Soziale Differenzierung Band 18,
Volume 3).

Furholt, M. 2019. “Re-Integrating Archaeology: A Contribution to
aDNA Studies and the Migration Discourse on the 3rd Millennium BC
in Europe.” Proceedings of the Prehistoric Society 85: 115-129.

Gosselain, O. P., and A. Livingstone Smith. 2005. “The Source: Clay
Selection and Processing Practices in Sub-Saharan Africa.” In Pottery

12

Archaeometry, 2026

85U8017 SUOWILLOD 3Aea1D qedtidde sy Aq peusenob ale o VO ‘88N Jo sejn. Joj ArIqi]8UIIUO 43I UO (SUORIPUOD-PUR-SWBIA0D A8 |Im" AfeIq Ul |uD//SdNY) SUORIPUOD pUe SWB | 841 88S *[920z/70/82] Uo ARiqiTauluo A8|IM ‘ 14PA N1 -S3[ed aXor Aq TSTOL WOR/TTTT OT/I0p/W0d A8 | Areiqijeuljuo//sdiy Wwoij papeojumod ‘0 ‘vS. 752 7T


https://github.com/jwcarr/mantel
https://github.com/jwcarr/mantel
https://gist.github.com/martinjc/f227b447791df8c90568
https://gist.github.com/martinjc/f227b447791df8c90568

Manufacturing Processes: Reconstruction and Interpretation, ed-
ited by A. Livingstone Smith, D. Bosquet, and R. Martineau, 33-47.
Archaeopress (BAR International Series 1349).

Griffioen, J., G. Klaver, and W. E. Westerhoff. 2016. “The Mineralogy of
Suspended Matter, Fresh and Cenozoic Sediments in the Fluvio-Deltaic
Rhine-Meuse-Scheldt-Ems Area, the Netherlands: An Overview and
Review.” Netherlands Journal of Geosciences - Geologie en Mijnbouw 95,
no. 1: 23-107.

Ho, J. W. 1, and P. S. Quinn. 2021. “Intentional Clay-Mixing in the
Production of Traditional and Ancient Ceramics and Its Identification
in Thin Section.” Journal of Archaeological Science: Reports 37: 102945.

Hogestijn, J. W. H. 1997. “Enkele resultaten van het archeologische
onderzoek op twee woonplaatsen van de Enkelgrafcultuur bij Winkel in
de Groetpolder.” In Dynamisch landschap: Archeologie en geologie van
het Nederlandse kustgebied, edited by D. P. Hallewas, G. H. Scheepstra,
and P. J. Woltering, 27-45. Van Gorcum.

Hollander, M., D. A. Wolfe, and E. Chicken. 2015. Nonparametric
Statistical Methods. 3rd ed. Wiley.

Karney, C. F. E. 2013. “Algorithms for Geodesics.” Journal of Geodesy
87:43-55.

Kendall, M. G. 1938. “A New Measure of Rank Correlation.” Biometrika
30, no. 1/2: 81-93.

Kendall, M. G. 1945. “The Treatment of Ties in Ranking Problems.”
Biometrika 33, no. 3: 239-251.

Kleijne, J. P., and D. J. Huisman. 2023. “The Times They Are A-
Changing. Reconsidering the Occupation History and Character of a
3rd Millennium BCE Settlement in the Lower Rhine Area.” Journal of
Archaeological Science: Reports 49: 103982.

Kroon, E. J. 2024. Serial Learners. Interactions Between Funnel Beaker
West and Corded Ware Communities in the Netherlands During the Third
Millennium BCE From the Perspective of Ceramic Technology. Sidestone
Press.

Kroon, E. J., D. J. Huisman, Q. P. J. Bourgeois, D. J. G. Braeckmans,
and H. Fokkens. 2019. “The Introduction of Corded Ware Culture at
a Local Level: An Exploratory Study of Cultural Change During the
Late Neolithic of the Dutch West Coast Through Ceramic Technology.”
Journal of Archaeological Science: Reports 26: 101873.

Lanting, J. N.,and J. Van der Plicht. 1999/2000. “De 14C-chronologie van
de Nederlandse pre-en protohistorie III: Neolithicum.” Palaeohistoria,
41/42, 1-110.

Louwe Kooijmans, L. P. 1983. “Tussen SOM en TRB: Enige gedachten
over het Laat-Neolithicum in Nederland en Belgi€.” Bulletin Des Musées
Royaux DArt Et D'Histoire 54, no. 1: 55-67.

Louwe Kooijmans, L. P. 1985. Sporen in het land: De Nederlandse delta
in de prehistorie. Meulenhoff Informatief.

Louwe Kooijmans, L. P. 1987. “Neolithic Settlement and Subsistence
in the Wetlands of the Rhine-Meuse Delta of the Netherlands.” In
European Wetlands in Prehistory, edited by J. M. Coles and A. J. Lawson,
227-251. Clarendon Press.

Louwe Kooijmans, L. P. 1993. “Wetland Exploitation and Upland
Relations of Prehistoric Communities.” In Flatlands and Wetlands:
Current Themes in East Anglian Archaeology, edited by J. Gardiner,
71-116. East Anglian Archaeology.

Mantel, N. 1967. “The Detection of Disease Clustering and a Generalized
Regression Approach.” Cancer Research 27: 209-220.

Mennenga, M. 2017. Zwischen Elbe und Ems: Die Siedlungen der
Trichterbecherkultur in Nordwest-Deutschland. Verlag Dr. Rudolf
Habelt GmbH.

Olalde, I., E. Altena, Q. Bourgeois, et al. 2026. “Lasting Lower Rhine-
Meuse Forager Ancestry Shaped Bell Beaker Expansion.” Nature 2026:
938-946. https://doi.org/10.1038/s41586-026-10111-8.

Out, W. A., and W. Dorfler. 2017. “The Best of Both Worlds: Human
Impact and Plant Subsistence at the Middle and Late Neolithic Semi-
Agricultural Site of Hekelingen III (2900-2500 BC).” Quaternary
International 436, no. Part B: 41-63.

Petrogiannaki, M., and A. Van Gijn. 2024. “Reflections on Hide-
Working: Interpreting Inter-Site Variability on Vlaardingen Group Sites
Through Use-Wear Analysis on Scrapers From Den Haag Steynhof.”
Journal of Archaeological Science: Reports 59: 104787.

Quinn, P. S. 2013. Ceramic Petrography: The Interpretation of
Archaeological Pottery & Related Artefactsin Thin Section. Archaeopress.

Raemaekers, D. 2003. “Cutting a Long Story Short? The Process of
Neolithization in the Dutch Delta Re-Examined.” Antiquity 77, no. 298:
740-748.

Ramdas, A., N. Trillos, and M. Cuturi. 2017. “On Wasserstein Two-
Sample Testing and Related Families of Nonparametric Tests.” Entropy
19, no. 2: 47.

Reimer, P. J., W. E. N. Austin, E. Bard, et al. 2020. “The IntCal20
Northern Hemisphere Radiocarbon Age Calibration Curve (0-55 Cal
kBP).” Radiocarbon 62, no. 4: 725-757.

Ringbauer, H., Y. Huang, A. Akbari, et al. 2024. “Accurate Detection
of Identity-by-Descent Segments in Human Ancient DNA.” Nature
Genetics 56, no. 1: 143-151.

Roux, V., B. Bril, J. Cauliez, et al. 2017. “Persisting Technological
Boundaries: Social Interactions, Cognitive Correlations and
Polarization.” Journal of Anthropological Archaeology 48: 320-335.

Simpson, E. 1949. “Measurement of Diversity.” Nature 163, no. April,
30: 688.

Tygart, A., A. Lopez, A. Queiros, et al. 2018. “GeoPy, GitHub.” https://
github.com/geopy/geopy.

Van Beek B. L. 1990 “Steentijd te Vlaardingen, Leidschendam en
Voorschoten: De vondstverspreiding in laat-neolithische nederzettin-
gen in het Hollandse kustgebied [Unpublished PhD thesis|. Universiteit
van Amsterdam.”

Van den Dikkenberg, L., and A. Brandsen. 2025. “Using Text Mining
to Search for Neolithic Vlaardingen Culture Sites in the Rhine-Meuse-
Scheldt Delta.” Journal of Computer Applications in Archaeology 8, no. 1:
110-124.

Van den Dikkenberg, L., D. Pomstra, and A. L. Van Gijn. 2024.
“Scraping Seal Skins With Mineral Additives: An Experimental Study
to Better Understand the Variation in Use-Wear Traces Observed on
Flint Scrapers From the Late Neolithic Vlaardingen Culture (3400-
2500 BC).” EXARC Journal 2024, no. 1.

Van den Dikkenberg, L., and A. L. Van Gijn. 2024. “Deer Ghosts:
Invisible Bone Tools From the Vlaardingen Culture (3400-2500
BCE), Bone-Working, Toolkits, and Cultural Preferences.” Journal of
Archaeological Science: Reports 56: 104569.

Van Gijn, A. L., D. Pomstra, D. Braekmans, et al. 2025. “De Vlaardingen
Cultuur: Een experimentele benadering.” In Huis en Haard: Archeologie
van het dagelijks leven, edited by L. Kooistra, 13-45. Stichting Matrijs.

Van Heeringen, R. M., and E. M. Theunissen, eds. 2001.
Kwaliteitsbepalend onderzoek ten behoeve van duurzaam behoud
van neolithische terreinen in West-Friesland en de Kop van Noord
Holland. Deel 1 Waardestelling. Rijksdienst voor het Oudheidkundig
Bodemonderzoek (Nederlandse Archeologische Rapporten 21).

Van Regteren Altena, J. F., and J. A. Bakker. 1961. “De neolithische
woonplaats te Zandwerven (N.H.).” In In het voetspoor van A.E. van
Giffen, edited by W. Glasbergen and W. van Groenman- Waateringe,
33-40. J.B. Wolters.

Van Regteren Altena, J. F., J. A. Bakker, A. T. Clason, W. Glasbergen,
W. Groenman-van Waateringe, and L. J. Pons. 1962. “The Vlaardingen
Culture 1.” Helinium 2: 3-35.

Archaeometry, 2026

13

85U8017 SUOWILLOD 3Aea1D qedtidde sy Aq peusenob ale o VO ‘88N Jo sejn. Joj ArIqi]8UIIUO 43I UO (SUORIPUOD-PUR-SWBIA0D A8 |Im" AfeIq Ul |uD//SdNY) SUORIPUOD pUe SWB | 841 88S *[920z/70/82] Uo ARiqiTauluo A8|IM ‘ 14PA N1 -S3[ed aXor Aq TSTOL WOR/TTTT OT/I0p/W0d A8 | Areiqijeuljuo//sdiy Wwoij papeojumod ‘0 ‘vS. 752 7T


https://doi.org/10.1038/s41586-026-10111-8
https://github.com/geopy/geopy
https://github.com/geopy/geopy

Van Veen M. M. A. 1989 “Voorschoten - "De Donk": bewoning op
de Oude Duinen, vanaf het late neolithicum tot in de Romeinse tijd
[Unpublished drs. thesis]. Universiteit Leiden”.

Van Zoolingen, R. J. 2021. “Datering.” In Steynhof (Anne Frankpark)
Gemeente Den Haag: Een Vlaardingennederzetting in het Wateringse
Veld, edited by R. J. Van Zoolingen and E. E. B. Bulten, 283-290.
Afdeling Archeologie & Natuur- en Milieueducatie Dienst Stadsbeheer
(Haagse Oudheidkundige Publicatie 23).

Van Zoolingen, R. J., and E. E. B. Bulten. 2021. “Synthese.” In Steynhof
(Anne Frankpark) Gemeente Den Haag: Een Vlaardingennederzetting in
het Wateringse Veld, edited by R. J. Van Zoolingen and E. E. B. Bulten,
291-309. Afdeling Archeologie & Natuur- en Milieueducatie Dienst
Stadsbeheer (Haagse Oudheidkundige Publicatie 23).

Villani, C. 2009. Optimal Transport, Old and New. Springer
(Grundlehren der mathematischen Wissenschaften 338).

Virtanen, P., R. Gommers, T. E. Oliphant, et al. 2020. “SciPy 1.0:
Fundamental Algorithms for Scientific Computing in Python.” Nature
Methods 17, no. 3: 261-272. https://doi.org/10.1038/s41592-019-0686-2.

Vos, P., M. Van der Meulen, H. J. T. Weerts, and J. Bazelmans. 2020.
Atlas of the Holocene Netherlands, Landscape and Habitation Since the
Last Ice Age. Amsterdam University Press.

Wallaert, H. 2012. “Apprenticeship and the Confirmation of Social
Boundaries.” In Archaeology and Apprenticeship: Body Knowledge,
Identity, and Communities of Practice, edited by W. Wendrich, 20-42.
University of Arizona Press.

Wentink, K. 2020. Stereotype: The Role of Grave Sets in Corded Ware and
Bell Beaker Funerary Practices. Sidestone Press.

Whitbread, I. K. 1989. “A Proposal for the Systematic Description of
Thin Sections Towards the Study of Ancient Ceramic Technology.” In
Archaeometry: Proceedings of the 25th International Symposium, edited
by Y. Maniatis, 127-138. Elsevier.

Zandstra, J. 1978. “Einfiihrung in Die Feinkiesanalyse.” Der
Geschiebesammler 12, no. 2: 21-28.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Detailed petrographic de-
scriptions of samples.

14

Archaeometry, 2026

85U8017 SUOWILLOD 3Aea1D qedtidde sy Aq peusenob ale o VO ‘88N Jo sejn. Joj ArIqi]8UIIUO 43I UO (SUORIPUOD-PUR-SWBIA0D A8 |Im" AfeIq Ul |uD//SdNY) SUORIPUOD pUe SWB | 841 88S *[920z/70/82] Uo ARiqiTauluo A8|IM ‘ 14PA N1 -S3[ed aXor Aq TSTOL WOR/TTTT OT/I0p/W0d A8 | Areiqijeuljuo//sdiy Wwoij papeojumod ‘0 ‘vS. 752 7T


https://doi.org/10.1038/s41592-019-0686-2

