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Human history has been shaped by global dispersals of technologies, although
understanding of what enabled these processes is limited. Here, we explore
the behavioural mechanisms that led to the emergence of pottery among
hunter-gatherer communities in Europe during the mid-Holocene. Through
radiocarbon dating, we propose this dispersal occurred at afar faster rate than
previously thought. Chemical characterization of organic residues shows

that European hunter-gatherer pottery had a function structured around
regional culinary practices rather than environmental factors. Analysis of

the forms, decoration and technological choices suggests that knowledge of
pottery spread through a process of cultural transmission. We demonstrate
acorrelation between the physical properties of pots and how they were

used, reflecting social traditions inherited by successive generations of
hunter-gatherers. Taken together the evidence supports kinship-driven,
super-regional communication networks that existed long before other major
innovations such as agriculture, writing, urbanism or metallurgy.

The dispersal of new technologies is central to the evolution of cul-  enquiriesin the study of cultural evolution. Amajor advance has been
tural systems globally. Analysis of archaeological materials to track  to track the spread of farming and associated technologies during
the rate and direction that ancestral technologies spread, and the  the Early Holocene, using large repositories of radiocarbon-dated
behavioural mechanisms that led to their adoption, are important  cultural material'. It has been shown that in most parts of Europe, the
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Fig.1|Study area, site locations and examples of reconstructed forms for
the pottery stylesincluded in this study. Illustrated are reconstructions from
the (1) Eastern Baltic, (2) Western Baltic, (3) Upper Dnieper, (4) Bug-Dniester, (5)
Middle Don, (6) Lower Don, (7) Northern Caspian, (8) Lower Volga, (9) Middle

)

Y

Volga and (10) Upper Volga regions. Map based on the ASTER Global DEM v.3 with
ecotones based on generalized mid-Holocene estimates from ref. 91; it should be
noted that the boundary between steppe and forest is likely to have been highly
diffuse.

processis satisfactorily explained through demic diffusion®®, inwhich
anexpanding population carries withit acoherent package of technolo-
gies associated with domesticated plants and animals. Here, innova-
tions ariserelatively slowly, resulting inarecognizable ‘package’ that is
maintained across the dispersal trajectory. Hunter-gatherer societies
have a subsistence base involving hunting, foraging and fishing with
little reliance on domesticates. Compared with farming societies, the
innovation and transmission of other fundamental technologies by
prehistoric Holocene hunter-gatherers is not well understood, partly
because there are fewer opportunities for obtaining behavioural
parallels from contemporary communities, especially those from
comparable temperate environments, and partly because of amuch
sparser archaeological record. Yet such studies are vital if we are to
appreciate the role of ancestral hunter-gatherers in shaping cultural
and social systems.

Here we reportanimportant advancement of knowledge regard-
ing the dispersal of pottery containers; a hunter-gatherer innovation
that spread to become ubiquitous globally. Pottery first emerged
among East Asian hunter-gatherers towards the end of the Late Pleis-
tocene™, Regression models based on radiocarbon dates of the arrival
times suggest that pottery spread from East Asiaacross Northern Eura-
sia during the Early Holocene’. Yet, this analysis on a pan-continental
scale fails to elucidate the mode of transmission, nor is it able to rule
out multipleindependentinnovationsin pottery, or address what the
functional needs for pottery by diverse hunter-gatherers might have
been. Likewise, previous super-regional analysis of hunter-gatherer
pottery transmission'®is founded on radiocarbon chronologies com-
plicated by the varying reliability of the materials and contexts dated™.
Overall, our understanding of how, why and when this phenomenon
dispersedisinadequate.

Focusing on the vast East European plain (Fig. 1), a key potential
conduit for the westward dispersal of pottery by hunter-gatherers

during the sixth millennium BC, we aim to test three related hypotheses.
First, that the dispersal process was continuous rather than derived
from multiple origins. Second, that demic processes of population
expansion led to the spread of pottery. Third, that the process was
driven by an underlying socio-economic need resulting in functional
similarity across the study region. With no existing dataset to draw
upon, we tested these hypotheses by directly analysing pottery from
156 European hunter-gatherer sites (Fig. 1) to generate models of cul-
tural transmission using primary data gathered from 1,491 potsherds
from 1,226 vessels and the associated radiocarbon dates. Without
major mountain ranges, the study area is highly conducive to human
mobility, with only forested morainic hills and upland areas in the
Don or Volga catchments as potential impediments. The majority of
sites are settlements represented by various pits, platforms, artefact
scatters and other ephemeral structures, often located close to major
rivers or their tributaries'. Faunal and botanical analyses have shown
that a broad spectrum of hunted, gathered and fished resources was
exploited across the study area” ™.

Attributes related to production, such as shape, size, decoration
and method of manufacture were obtained fromarepresentative sam-
pleof pottery from eachsite (Methods: Sampling rationale and Ceramic
data acquisition). These attributes, sometimes taken together and
interpreted as ‘archaeological cultures’, represent human knowledge
fossilizedinthe artefact. They can be used to reconstruct connections
between societies, separated by geographic distance or time, using a
set of biostatistical tools to evaluate the relatedness of archaeological
cultures based on traits'®”. Functional attributes related to use were
obtained through lipid residue analysis of the vessels, using stand-
ardized methodologies™. We present here an amalgamated dataset
of new residue analyses of 552 pottery vessels or adhering charred
surface deposits (foodcrusts), and revised data from 674 vessels previ-
ously published fromacross the study region (Supplementary Table1).
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Fig.2| A spatiotemporal model for the spread of pottery technology. a, Predicted start date for pottery vessels in the region based on spatial-temporal regression
models. b, The modelled posterior probability distribution for selected locations based on radiocarbon evidence compared to the predicted dates. For details on how

the models are constructed, see Supplementary Methods.

The samples chosen for lipid residue analysis were quantitatively
representative of the broader assemblage in terms of morphological,
stylistic and technical attributes.

Results

Dating and spatial-temporal modelling

New radiocarbon dates and age models reveal that pottery appeared
near the northern shore of the Caspian Sea shortly before 5900 cal
BC, and spread rapidly northwards and westwards (Supplementary
Methods: Site chronologies). However, direct radiocarbon dating
of pottery is complicated because of the ubiquity of freshwater- and
marine-derived carbon presentinfoodcrusts that tend to produce dates
significantly older than the use of the vessel'®. To circumvent these
‘reservoir effects’, likely arrival dates for pottery were built for selected
sites using multiple terrestrial samples of bone and charcoal found
in direct association (Fig. 2). Although isolated cases of innovation
cannot be excluded, regression models® extrapolated over the study
area based on these dates are consistent with a continuous process
of adoption with the earlier occurrence of an antecedent traditionin
western Siberia or central Asia (Methods: Spatial-temporal modelling).
Anorigininwestern Siberia provided a better fit for the data than cen-
tral Asia (Fig. 2a), although the predicted arrival times based on both
points of origin are not significantly different fromeach otherand are
consistent with an ultimate origin for these traditions in the Far East”.
Crucially, the regression models suggest an average rate of diffusion of
6-10 km yr™, several times faster than, for example, the spread of farm-
ingin Western Europe®®?, representing accelerated expansionacross
the study area compared with the Eurasian average of 0.2-1.2 km yr™
(ref.19). At certain sites, notably Rakushechny Yar in the Lower Don,
radiocarbon evidence shows that the sampled ceramics derive from
occupation several centuries later than when the regression models
suggest pottery first appeared in the locality. In other cases, such as
the Zedmar culture pottery of the Prussian lowlands and Masurian Lake
District, much later dates are reported®. These ceramics are unlikely
to be part of the initial dispersal of hunter-gatherer ceramics and are
excluded fromthe statistical analysis of stylistic and technological traits

because they are the product of later phenomenaand influences from
multiple sources, including agricultural societies®.

Organicresidue analysis of vessel use

Lipid residue data arereported for the entire sample set (1,491 samples
from1,226 vessels) of hunter-gatherer pottery fromthe sites detailed in
Supplementary Table 1. Using the acidified methanol extraction proce-
dure, >95% (n=1,425) of the samples yielded lipid quantities above the
threshold amount required for interpretation (>5 pug g™ for potsherds
and>100 pg g ' for charred surface deposits) or contained distinctive
lipids traceable to aspecificsource. Inaddition, 100 samples were also
solvent-extracted following established procedures™ to investigate
either the presence and distribution of triacylglycerols or the presence
of otherintactlipids (for example, wax esters). These failed to provide
additional information. We assigned the residues to different classes
of product (aquatic fats, ruminant animal fats and plant oils) based
on multiple molecular and isotopic criteria (Methods) by gas chro-
matography, gas chromatography-mass spectrometry (GC-MS) and
gas chromatography-combustion-isotope ratio mass spectrometery
(GC-C-IRMS). In cases in which multiple products were attributable to
asingle vessel (for example, aquatic lipids, ruminant fats) each product
was included in the overall count. Residues absorbed within the ves-
sel wall and those obtained from charred deposits on the same vessel
were treated as separate cases. This count has to be considered as a
minimal conservative number of occurrences of a resource because
the absence of certain criteria is not always related to the absence
ofaresource.

Fatty acid stable isotope data obtained by GC-C-IRMS of 1,272
samples of hunter-gatherer pottery from all phases are plotted in
Fig. 3. About half of the samples analysed yielded lipid biomarkers
typical of aquatic organisms (709 of 1,425) and these tended to have
abroader range of 6°C,., and 6°C¢,, values representing extreme
freshwater and marine carbon isotopic end-points (Fig. 3a). Vessels
without aquatic biomarkers have a narrower distribution of 6°C,¢.o
and 6Cg,, values (Fig. 3b) and generally more negative A®C val-
ues (6"C g0 — 6"Cy4.0) reflecting the input of a higher proportion of
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Fig. 3| Lipid residue analysis of hunter-gatherer ceramics. a,b, 5°C,,

and 6Cg,, values of sample with (a) and without (b) aquatic biomarkers and
statistical ellipses (10) of modern animal fats from Eastern Europe (provided
online; see Data Availability Statement). ¢, Relative frequency of identified food

commodities by region following the criteria described in the Methods. d, A
surface model interpolating A"*C values (for error maps and other results, see
Supplementary Fig.12).

ruminant fats—presumably wild ruminants such as deer?. Despite
thesebroad trends, theisotope values do not cluster within the ranges
expected for authentic foodstuffs, pointing to mixing of contents
either in single episodes or, perhaps more likely, throughout the life
history of the container. Over half of the samples that yielded lipids
(814 of 1,425) showed molecular evidence of thermal alteration, which
together with the frequent occurrence of carbonized deposits, sug-
gests cooking rather than storage. Plant products are frequent (587
of 1,425), sometimes with fragments of carbonized plant tissues vis-
ible within the charred deposit>*, but were probably not the main
commodities. Typical clear leafy plant lipid profiles are rare and plant
biomarkers are generally identified in only small or trace quantities.
In74% of their instances they are associated withaquatic or terrestrial
animal fats. There is an almost complete absence (29 0f1,425) of lipid
profiles typical of plant resins and tars (where di- or triterpenes are
prominent in the extract), perhaps unexpected given the presumed
importance of these substances to hunter-gatherers*?. Similarly, only
onesample found at Grube-Rosenhof LA 58 (ref.11) contained beeswax,
contrasting with a much higher prevalence in Early Neolithic agricul-
tural pottery”. The absence of beeswax was noted even in temperate

regions where honey bees would be expected to thrive. Overall, the
residue data overwhelmingly show that hunter-gatherer pottery was
primarily aculinary technology.

These dataare further disaggregated by regionin Fig. 3c and show
sub-regional variation in pottery use as noted in previous studies"
despite broad similarities in environmental settings and resource
availability. Generally, aquatic products dominate in the southeastern
and central part of the study area, whereas ruminant products were
processed more prominently in pottery from the west and northeast.
This is also supported by interpolating the AC values spatially with
more negative values corresponding to ruminant products (Fig. 3d).
As previously suggested, it is likely that such sub-regional ‘cuisines’
arose due to local customs of food preparation and consumption, and
that certain sites were highly specialized?®.

Analysis of pottery production traits

A set of contingency tables recording the presence or absence of
‘production traits’ was generated and the relationship between sites
was examined using correspondence analysis®. Sub-regional styles
of pottery production could be identified that roughly recapitulate
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Fig. 4 | Biplots of correspondence analysis scores for traits (site-wise)
recorded through inspection of the archaeological ceramics and the organic
residue analysis. Axes orientation chosen to best illustrate the recapitulation of
geographic coordinates.

geography and the major river basins (Fig. 4); this is seen most clearly
in the technological traits, providing empirical evidence that tech-
nological traditions are embedded within local cultural practices®®*".
A far weaker pattern was observed when ‘use traits’ are subjected to
correspondence analysis (Fig. 4).

Next, we computed Mantel coefficients to examine the degree of
correlation between pottery production and use. Mantel tests were
used to compare two distance matrices: spatial distance was deter-
mined fromsite location data, whereas temporal distance was derived
from radiocarbon chronologies or inferred from regression models
(Methods: Spatial-temporal modelling). Cultural distance, including
the‘distance’between the biomolecular traits of pairs of sites, was enu-
merated using the Jaccard dissimilarity index. Jaccard distances were
lower on average for traits associated with vessel use compared with
those associated with pottery production, although their variability
is higher (Supplementary Table 8). Thus despite regional variation,
use of the pots was more consistent over the study region than the
culturalfactors thatinfluenced the way in which they were made. This
is most likely because pottery use was constrained by the relatively
homogenous ecological settings, where wild aquatic and forest species
were abundant. Inter-site differences in pottery use are not, there-
fore, caused by gradual processes of geographical isolation, explain-
ing the lack of clear geographic patterning in the correspondence
analyses scores.

Arobust set of correlations was observed between technology,
morphology, decorationand their functional criteria (organic residues)
using the Mantel test (Fig. 5), reported here as correlation coefficients
(r) and associated Pvalues (two-tailed, null hypothesis r = 0). Correla-
tions were observed in the three separate domains of ceramic mor-
phology (r=0.13, 95% confidence interval (CI) 0.1to 0.16, P= 0.001),
technology (r=0.18,95% Cl 0.15to 0.22, P= 0.001) and decoration
(r=0.14,95% C10.11, P= 0.001 to 0.17). Combined in a contingency
table containing all 129 traits, and using a partial Mantel test to hold
geographic distance constant while regressing the Jaccard distance
matrices of all pottery traits and organic residues, the correlation
coefficient (r) is 0.22 (95% C1 0.18 to 0.25, P= 0.001). As expected,
inter-site distance was correlated with pottery traits in terms of tech-
nology (r=0.25,95% C10.22to 0.28, P= 0.001), but more weakly with
morphology (r=0.17,95% CI1 0.15 to 0.20, P= 0.001) and decoration
(r=0.12,95% C10.09 to 0.14, P= 0.002), and, importantly, was not
correlated with organic residue usage traits (r=0.02, 95% CI -0.01 to
0.04, P=0.77). Spatio-temporal distance does not correlate with any
ofthe traits, ruling out any pattern of convergent or parallel evolution
occurring between contemporary sites separated by large tracts of
geographical distance (Supplementary Table 7). Similarly, when we
examined]Jaccard matrices between pottery technology, morphology,
decorationand use traitsat the level of the vessel, rather thansite, they
remained positively correlated despite a loss of statistical power due
to the highly fragmented nature of the assemblages (Supplementary
Table 9). Overall, there is considerable congruence in the transmis-
sion of knowledge regarding hunter-gatherer pottery production
and function. These observations also hold for regional subsets of the
data (Supplementary Table 10), and when our sample is stratified by
vegetation zones (Supplementary Table 11).

Next, we determined the geographic scale over which coherent
patternsin the trait data appear by computing Mantel correlograms®.
These identify spatial autocorrelationsin the traits between each site
and all other sites in various sets of expanding geographic distances
(Fig. 6). Significant positive correlations were observed for pottery
morphology (at100 km, r=0.12,95% C10.10t0 0.15, P= 0.001) decora-
tion (at100 kmr=0.13,95% Cl10.11t0 0.16, P= 0.001) and technology (at
100 kmr=0.16,95% C10.14t0 0.19, P= 0.001), remaining significantly
positive within 250-500 km of each site. Significantly negative correla-
tions exist beyond 500-700 km (for example, decoration at1,000 km,
r=-0.07,95% Cl-0.09t0-0.05, P= 0.002).

This providesaninsightinto the distances over which knowledge
of pottery production was directly transferred between prehistoric
hunter-gatherer societies, occurring, for example, through direct con-
tact, migrations or marriage networks. Again, no geographic patternis
presentinthe organic residue data, principally because of similarities
insubsistence practices throughout the region.

Atalargerscale, we have beenabletorecover correlationsbetween
vessel technology, morphology, decoration and use that are not due
to spatial autocorrelation. This discovery, a case of ‘form following
function’, hints at adeeper symbolism employed by the makers of the
pots and communicated viasome mechanism of cultural transmission
throughout the communitiesinvolved. To further develop thisidea, we
modelled the trait data as neighborNets to investigate whether the data
are best characterized by a model of branching-and-blending rather
thanasimple branching phylogeny. The results (Fig. 7) indicate astrong
level of input from blending processes, supporting the dominance of
cultural transmission as the mechanism behind the spread of pottery™.
The sites are modelled neighbouring other sites located nearby in
eithertime, space or both, with no two sitesmodelled inthe same clade.

Discussion

Understanding the mode and tempo of hunter-gatherer pottery dis-
persal into the European continent sheds light on the mechanisms
responsible for cultural transmission in this context. The patternsin
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Fig.7| The spatial, temporal and network proximity of selected sites in the study. a, Locations for sites with isochrones representing a spatio-temporal
model of diffusion. b, Posterior probability distributions of the date of the start of pottery use at each site. ¢, NeighborNet networks for ceramic and biomolecular

dissimilarity data.

our data exist despite several limitations, especially the many factors
that dictate what survives in the archaeological record. For example,
our data derive from palimpsests that do not necessarily represent the
very earliest phase of pottery use in each locality, thereby introduc-
ing noise into the spatio-temporal regression models and reducing
our capacity to recapture nuances of the behaviour associated with
transmission of this technology. Furthermore, lipid residue analysis
is strongly biased towards the identification of lipid-rich animal tis-
sues and the approach might not quantitatively capture the complete
range of foodstuffs processed in each vessel, and as such represent
anarrow range of foodstuffs available. This potentially has led us to
underestimate the real strength of the association between pottery
production and usage traits.

Theearliest dates for potteryinthe study areawere obtained north
ofthe Caspian Sea at the site of Baibek, ~5900 cal BC. However, based on
ourleast-cost modelitis also conceivable that there was considerable
trans-Ural transmission of pottery knowledge, which would support
dates of -5750 cal BC obtained from Kama culture pottery from Pezmog

IVinthe most northerly part of Eastern Europe®'. Pottery subsequently
spread rapidly westwards towards the Baltic, covering over 3,000 km
inthreeto four centuries. Notably, this is several times faster than the
spread of Neolithic pottery from the Middle East into the Mediterra-
neanand western Europe'”***, Through forward modelling, it hasbeen
shown thatdemicdiffusion candrive the spread of ancient technology
in cases in which the rate of spread is much less than what we have
determined for hunter-gatherer pottery in Europe®*® (Supplementary
Table 5). Although demic diffusion may have a role, on the basis of its
speed we argue that pottery production was rapidly disseminated
through knowledge transfer across established networks between
dispersed hunter-gatherer communities”. To the west, although not
considered by our models, hunter-gatherer interactions with early
farming populations could have resulted in influences manifesting
in certain shared ceramic traits®®. Taken together, the transmission
of pottery among European hunter-gatherers was one end result of
acomplex series of wide-ranging social interactions. Compared with
later developments like metallurgy, pottery is a relatively low-cost
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technology; the required raw materials were abundant, and the knowl-
edge and motor skills needed could have been acquired as part of
communally shared behaviours situated within the household or close
kinship group®.

From our food residue results, it appears the demand for pot-
tery was not in response to any specific economic requirement; a
wide range of aquatic and terrestrial species were identified with no
obvious relationship to the ecological setting, and all of which were
exploited well before the arrival of pottery*’. Although ceramics
must have had clear advantages over organic containers for the heat
processing of foods, our previous hypothesis that it was adopted in
response to more intensive fishing, based on observations in the East-
ern Baltic*, is no longer supported when considering data across the
entire study area. Whereas the dispersal of technologies inextricably
linked to farming required specific environmental conditions suitable
for crop cultivation and the rearing of livestock resulting in marked
‘slowdowns™?, without such constraints, pottery and potentially other
hunter-gatherer technologies dispersed much more rapidly. In par-
ticular, the mid-Holocene resource-rich forest, coastal, riverine and
lacustrine ecotones of Northern Eurasia were an obvious dissemina-
tion route akin to other resource-rich ‘highways’ used to explain the
dispersal of hunter-gatherer populations®, even if the northern forest
andtaigaenvironments were less conducive to rapid movement outside
river systems compared with open steppe.

Many of the production traits must have had little selective advan-
tage and variability can be largely explained by isolation-by-distance,
whereinnovations occurred gradually due to random copying effects**.
Conversely, usage traits were, necessarily, more tightly constrained by
therelatively homogenous foodscape, butitis nonetheless remarkable
that knowledge of pottery techno-function is also transmitted along
with decoration, technology and morphology. At its most granular
level, this relationship is an example of the mechanism of coherence
insocial evolution®, inwhich traitsin different ‘things’ evolve together
because they both reflect deeply rooted social traditions and struc-
tured, communal activities. Because culinary practices are often highly
structured*®*’, with specific foodstuffs associated with distinct cooking
and serving wares, it is no surprise that production- and use-related
traits propagate together as a coherent tradition. It is, however, note-
worthy that this phenomenon produces a signal that can overcome the
appreciable filter imposed by the limited range of foods identifiable
using lipid residue analysis. The food residue data are representative
of culinary traditions that pass from one community to the next, open-
ing auseful behavioural perspective on the interpretation of datasets
traditionally used to reconstruct subsistence practices*®*,

More broadly, innovation and hybridization, which tend to be
accelerated by horizontal transmission®®, must have occurred at a
relatively slow pace, or perhaps more likely in sporadic episodes that
are difficult to resolve at the scale of our study, otherwise the pat-
ternsand groupings we detect in pottery morphology and decoration,
sometimesidentified as archaeological ‘cultures’, would not exist. It is
anopen question how far these ‘cultures’ canreflect discrete groups of
people, wider communication networks or are, in some cases, merely
the product of discontinuous sampling from continuous variation”.
Here, it seems the latter is more conceptually applicable, but that
innovation occurred more slowly than adoption through communi-
cation networks. Together, these long-recognized evolutionary pro-
cessesresultindelineated and recognizable cultural groups that have
shaped the discipline of prehistoric archaeology over much of the
twentieth century®-*,

Our data suggest close technological and stylistic connections
between communities located ~250 km apart. Given our estimated
dispersal rate 6-10 km yr™, this is consistent with connections encom-
passing a single human generation (20-30 yr). Genomic analyses of
analbeit limited number of human remains from western parts of the
study area provide low relative mobility estimates compared with other

prehistoric European populations®™. This may have imposed constraints
on how far material culture was spread by any one generation and
could explain why the geographic signals in our data only manifest
over relatively local scales.

Conversely, our results also bear signals of cultural and economic
connectivity that occur throughout the region. The correlations
between pottery technology, morphology, decoration and culinary
use indicate there were behaviours and symbolic ideas shared by
groups located far apart in time and space. Although the idea that
hunter-gatherer pottery can spread without significant population
movements has been stated before****, abehavioural explanation s still
required that can accommodate the loss of cultural traits at relatively
local scales, and also the emergence of coherent patterns at much
larger scales. Sex-specific demographic behaviour provides one such
explanation; for example, the dissemination of female crafts embed-
dedina patrilocal kinship system, as documented in American Pacific
Northwest societies®. A similar interpretation has been proposed to
explain regional patterning in the later, Corded Ware pottery of the
Eastern Baltic®. Alternatively, there may have been an element of
long-distance exchange or contact. Forager mobility is generally afunc-
tion of seasonality, subsistence, sources of raw materials and exchange
networks. Multiscalar, ‘superdiffusive’movements are afundamental
feature of hunter-gatherer landscape use”** and it is thus likely that a
combination of mechanisms were at work, including long-distance
exchanges. It remains that culinary traditions reflect how technological
forms of knowledge were shared among prehistoric hunter-gatherers
inEurope. Food was a core element of these cultures, and their pottery
represents multiple instances where similar ideas were shared across
networks encompassing vast areas.

Methods

Sampling rationale

Our study targeted known archaeological assemblages of early
hunter-gatherer cooking vessels. Sampling permission was obtained
from the site excavation directors and archive holders. The size and
composition of each pottery assemblage varied considerably butinall
cases potsherds were chosen to maximize the typological variability
present at each site. Because there are low occurrences of pottery
vessels from some individual sites, our analytical approaches employ
resampling procedures to test a null hypothesis that patterns in the
traits shared between sites occur randomly. Data collection and analy-
sis were not performed blind to the conditions of the experiments.

Ceramic data acquisition

A set of presence-absence tables was used to record the pottery fea-
tures that contain information about the steps of production and use
of the vessels: that is, the type of temper and paste, ways of model-
ling, surface treatment, wall thickness and so on. Together these form
the chaines opératoires, or the sets of social and cognitive acts that
areassociated with the manufacture of pottery**~*, although because
theassemblageisrather fragmented the whole chaine opératoire can-
notbereconstructedin many cases. Morphometricanalysessuchasthe
shape andsize classes of the vessels were based on three-dimensional
reconstruction, vessel volume calculation and the similarity of vessel
profiles and their proportions. A total of 162 traits were recorded: 61
for pottery decoration, 61 for morphology and 40 for pottery technol-
ogy, such as the type of raw material used for fabric and temper, and
vessel modelling and finishing technique. These are described in Sup-
plementary Table 6, and the contingency tables are provided online.

Typological distance

Using the contingency tables for traits described above, computer
scriptsin Raggregated these dataat the site level. Jaccard dissimilarity
indices were calculated for each pair of vessels and sites, using the R
package vegan® with the results stored in a distance matrix.
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Lipid extraction and analysis

The analytical procedure for lipid extraction followed detailed pub-
lished methods". Briefly, samples were extracted and methylated in
one-step with acidified methanol (H,SO,/MeOH, 1:5). Methanol was
added to homogenized carbonized residues (10-20 mg) or drilled/
crushed ceramic powders (0.5-1.0 g), sonicated for 15 min, acidified
with concentrated sulfuric acid and the acidified suspension was then
heated for 4 h at 70 °C. Lipids were extracted by phase separation
with n-hexane (3 x 2 ml). Extracts were analysed by GC-MS in totalion
current mode for general screening purposes, in selected ion moni-
toring mode to target specific markers of aquatic resources and by
GC-C-IRMS to obtain the carbon isotope values of the most abun-
dant fatty acids (Cy¢,o and Cyg.0). A selection of samples (Supplemen-
tary Information) was subjected to solvent extraction®. Lipids from
ceramic powder were extracted using dichloromethane:MeOH (2:1,
3 x4 ml), thendried under N,. The extract was trimethyl-silylated using
N,O-bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosi-
lane before high temperature GC-MSto detect either the presence and
distribution of triacylglycerols or the presence of other intact lipids
(forexample, wax esters).

The identification of compounds was conducted with Agilent
Chemstation and Mass Hunter (Agilent Technologies) software accord-
ing to their mass spectrum, their retention time and with the help of
NIST MS search and NIST 2014 library of mass spectra. Computations
of GC-C-IRMS datawere made with Isodat (Thermo Fisher) and lonOS
software (Elementar).

Biomolecular criteria for defining organic residue traits

The analytical procedure deployed is suitable for identifying
fats, oils and waxes from a wide range of plant and animal products.
Using the GC-MS and GC-C-IRMS data, the presence or absence
of a range of different food contents (aquatic resources, rumi-
nants, animals and plants) and their processing (heating) was deter
mined for each sample. The 17 interpretative criteria used are
detailed below.

(1) (Aquatic) The presence of aquatic-derived lipids (fish, shellfish,
aquatic mammals and birds) is inferred from the presence of
w-(0-alkylphenyl) alkanoic acids (APAAs) with C;g and at least
C,, carbon atoms and isoprenoid fatty acids (either phytanic,
pristanic or 4,8,12-trimethyl tridecanoic acid)**®.

(2) (Aquatic) C,gand C,, APAAs can also be derived from terrestrial
animal fats. Further refinement of the former criteria can be
achieved using the C,,:C,3 APAA ratio. Ratios above the tentative
threshold of 0.06 are considered to derive from an aquatic
source®’,

(3) (Aquatic) The major source of phytanic acid in food-derived fats
are aquatic oils and ruminant fats. They can be distinguished by
examining the ratio of the two naturally occurring configura-
tions, or diastereomers, of phytanic acid (3S,7R,11R,15-phytanic
acid (SRR) and 3R,7R,11R,15-phytanic acid)®"°%. Despite consid-
erable overlap, the SRR isomer tends to dominate in aquatic
oils compared with ruminant fats and a SRR percentage >75.5%
can be assigned to this source, using a conservative limit (95%
confidence).

(4) (Ruminant) The discrimination of ruminant-derived lipids is
generally based on differences in the biosynthesis of fatty acids
compared with non-ruminant tissues leading to a depletion
in C of C g relative to C,.,,**”°. In reference material from
the study area (Supplementary Information), the mean offset
ABC (Cyg,0 — Ci0) measured in wild ruminant (red deer, roe
deer, elk, reindeer and saiga) adipose fats is —2.28%o0 + 1.02%o
(n=39), whereas in non-ruminant fats (freshwater and wild
non-ruminant terrestrial animals) it is 0.36%o + 1.04 %o (n = 345),
showing a partial overlap of values. Samples with a A*C value

less than —1.72%o. (2 s.d. from the non-ruminant mean) have been
interpreted as containing ruminant lipids.

(5) (Ruminant) Furthermore, samples with a A"*C value less than
-1.26%o (2 s.d. from the wild ruminant mean) and a SRR% less
than 64% (upper quartile of ruminant adipose and below the
lower quartile of aquatic resources) are also assigned to this
source.

(6) (Animal) A further generic animal content is inferred by
the presence of cholesterol oxidation or biohydrogenation
by-products, occasionally associated with cholesterol” 2.

(7) (Plant) Plant epicuticular waxes are inferred by the presence
of long chain n-alkanes (>C,,) with a clear odd to even carbon
chain number prevalence”.

(8) (Plant) Plant epicuticular waxes are also composed of long
chain (>C,,) saturated fatty acids (LCSFA) with an even to odd
carbon chain number prevalence”. Because small amounts
of long chain fatty acids can also be present in most animal
tissues™, only samples with >15% LCSFA (LCSFA/saturated fatty
acids) are assigned to this source.

(9) (Plant) Use of the palmitic to stearic fatty acid ratio (P:S)
to infer pottery content is highly criticized”. Because fatty
acid distribution is prone to modification by alteration
processes, a direct comparison between modern and
archaeological fats is not possible. Nevertheless, because
shorter chain fatty acids are more labile and disappear
preferentially, the P:S ratio will not increase artificially due to
the degradation process. Plant products generally show a high
predominance of palmitic acid compared with animal fat.
Consequently, it is likely that samples with a high P:S ratio
contained plants. We used a P:S ratio threshold of 4,
as proposed by Dunne et al.”.

(10) (Plant) Similarly a C,,:C,, ratio has been proposed as a criterion
to differentiate plant and animal fats” and is also unlikely to
increase due to degradation. A conservative threshold of 1 was
used to assign a plant source.

(11) (Plant) a-Amyrin, B-amyrin and their amyrone derivative are
used as a plant proxy. They are common terpenoids among
angiosperms but are also sometimes found in sediments.
Nevertheless, a recent study has demonstrated that when those
compounds are found, sometimes in high abundance, they are
likely to be endogenous and are derived from plant processing,
notably from Viburnum berries known to be frequently found in
these pots™.

(12) (Plant) Another criteria used to identify plant lipids is the pres-
ence of phytosterol and derivatives (stigmasterol, campesterol
andsoon).

(13) (Plant) Various cereals, fruits and non-leafy plants have arela-
tive high abundance of the APAA-C5 E isomer compared to
the H isomer, that are unlikely to result from either mixing or
extensive heat alteration®®. We assigned cases to this category
when the APAA-C ¢ E:H ratio was higher than 4.

(14) (Plant) 2-Hydroxy fatty acids derived from animal or
plant sphingolipids. Long chain 2-hydroxy fatty acids
are notably quite abundant in the extract of Viburnum
berries. We used their presence as a tentative criteria for plant
lipids.

(15) (Heating) We have also defined a series of criteria to infer the
heating of the commodities. The presence of APAAs implies
that unsaturated fatty acids have been subjected to heating (at
least 1h at >200 °C), easily achieved through boiling or roasting
the vessel contents in an open fire®*°°,

(16) (Heating) Similarly, long chain ketones (16-hentriacontanone,
16-tritriacontanone and 18-pentatriacontanone) are
aby-product of pro-acted heating of fatty acids and
triglycerides’’s,
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(17) (Heating) Finally, benzene polycarboxilic acids are a by-product
of condensed charred organic matter or ‘black carbon’ formed
during the acid-catalysed extraction procedure’.

Different classes of product were assigned to each sample accord-
ing to those criteria: aquatic resources (1AND 2, OR 3), ruminant fats
(4 OR 5), non-specific animals (6 NOT 2-5), plant resources (OR 7-14)
and heating (OR15-17).

Biomolecular distance

Using the 17 traits described above, a binary presence-absence matrix
was composed, indicating which samples contain biomarkers that signal
the presence of fatty acids derived from ruminants, non-ruminant terres-
trial animals, aquatic resources, plants and heating. R scripts aggregated
thesetotheanalyticallevel of each vessel, then eachssite,and computed
distance matrices using theJaccard coefficient, as per the ceramic data.

Landscape analysis

Storing a database of site locations inageographicinformation system
(GIS), we generated distance matrices containing the pairwise geodesic
great-circle distance between each pair of sites using the haversine
formula. Toinvestigate whether landscape heterogeneity impacts the
strength of cultural connections, which straight-line distance would
be blind to, the GIS was also used to find the length of the least-cost
path connecting each pair of sites. This measurement was derived
from analysis of a100-m digital elevation model of Eurasia obtained
from the ASTER Global DEM v.3 (ref. 80), using the r.cost and r.drain
algorithms in GRASS GIS®'. Because least-cost paths generate a single
solution, they are sensitive to relatively minor obstacles, which is
potentially a problem for the low-lying steppe regions. Toredress this,
we applied Circuitscape analysis®’, in which the landscape is modelled
using electrical resistance rather than mechanical cost, and calculated
the difficulty in moving fromsite to site considering all possible paths.
These results were stored in a distance matrix. The Julia package cir-
cuitscape® was used to undertake this analysis.

Spatial-temporal modelling

Guided by the earliest dated material from hunter-gatherer ceramic
contexts immediately east of our study region®, the site of Mergen 6
inwestern Siberia, dating to -6,500 cal BC, was used to apply a tempo-
ral gradient to models of the spread of ceramic traditions west of the
Urals. The least-cost distance from this to each dated site was used in
areduced major axis linear regression model against time to calculate
the diffusion rate for the adoption of pottery by hunter-gatherers. The
posterior probability distribution of the start of pottery use at each
site was modelled in OxCal v.4.4 using Markov Chain Monte-Carlo
inference®, with samples drawn from this process used in multiple
permutations to express a confidence interval for the regression aris-
ing from chronological uncertainty. To generate a model, the length
of the least-cost path between nodes of a regular grid of points and a
rasterized surface was interpolated from this using thin plate spline
regressionin SAGA GIS*. Next, raster algebrain GRASS GIS was used to
parametrize each pixel using the results of the spatio-temporal regres-
sion and the date of the point of origin. Contour lines (isochrones)
were drawn using the r.contour module in GRASS GIS. We repeated
this process for different sites in western Siberia and Central Asia, but
the results did not alter significantly.

Correspondence analysis

The contingency tables were subjected to correspondence analysis
using two-factor principal canonical correlation, and the correspond-
ing row scores plotted to visualize the structure of the presence-
absence data. The R package MASS® together with custom scripts
contained in the Supplementary Information were used to undertake
this analysis.

Mantel correlation tests

First, we calculated the Jaccard distance between sites using the pair-
wise ratio of traits present at two sites and the number of traits in total
(the ratio of intersection over union, subtracted from 1). To compare
the geographical, spatio-temporal, ceramic and biomolecular distance
matrices, we calculated the Pearson product-moment correlation
coefficient between each pair of distance matrices using the Mantel
test. As well as providing a correlation coefficient that expressed the
strength of the correlation between each dataset, this procedure used
500 bootstrap resamples to test a null hypothesis that there was no
relation between each pair of matrices. Mantel correlograms were
calculated using 213 km distance classes, with significantly positive
or negative correlations identified using a permutation test. The R
package ecodist® was used to undertake this analysis.

Phylogenetic network analysis

We used the neighbour-joining network construction algorithm
neighborNet® to create phylogenetic networks of the trait data,
using a subset of the data limited to sites for which we had some con-
trol of chronology. This agglomerative, exploratory method con-
structs a ‘splits graph’ with each node (site) neighbouring nodes
with similar traits. Each node is modelled as having a unique evolu-
tionary history, with the network representing a composite of these
histories, the connections representing the evolutionary distances
between nodes. The R package phangorn®® was used to undertake
this analysis.

Editorial Note:S. Telizhenko and V. Manko requested removal from the
author listin response to Russia’s invasion of Ukraine.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datafilesincludingall the ceramic data and contingency tables for the
organicresiduetraits are contained inan electronicrepository accessed
via the following URL: https://doi.org/10.5281/zenodo.6619101.

Code availability

Scripts in the R language for reproducing the analysis are available in
an electronic repository accessed via the following URL: https://doi.
org/10.5281/zenodo.6619101.
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