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Cultural diversity shaped neolithic
subsistence in the Carpathian Basin

M. L. C. Depaermentier®%8°>! M, KempfD%7:°> E. Banffy3* & K. W. Alt(5:6

Stable carbon and nitrogen isotope analysis from archaeological human and animal bone collagen

is a powerful tool to enlighten past socio-agricultural systems and their close links to environmental
conditions. To assess whether isotopic patterns are a function of cultural behavior or rather determined
by environmental diversity, we test the spatio-temporal effects of conditional and multivariate
exploratory and environmental models on stable isotope variability in the Neolithic and Chalcolithic
Carpathian Basin (6000-2800 BCE). Our results stress that variation in environmental settings influence
both the isotope baselines and the subsistence strategies of early agricultural societies. Major shifts in
isotopic patterns are, however, culturally-driven, which is particularly visible with the development and
intensification of adapted agropastoral practices from 5500 - 5350 BCE and among the diet between
different cultural groups. We conclude that socio-cultural diversity was the main driver of dietary habits
and isotopic variability in early agropastoral societies of Neolithic Hungary.

Keywords Carbon stable isotopes, Nitrogen stable isotopes, Environmental modeling, Cluster analyzes,
Agropastoral, Neolithization.

Stable isotope analyses have proven to be powerful tools to gain new insights into subsistence strategies and
dietary habits of past communities'~>. This method has been applied to study Neolithic food economies in
different parts of present-day Europe including the Carpathian Basin, yet the studies in this area are mostly
restricted to site-specific case studies*® or dedicated to the Neolithic-Chalcolithic transition”®. The potential
of this method to track changes and disparities in subsistence strategies thus remains underexploited and a
large-scale and diachronic stable isotope study is still missing for the Neolithic Carpathian Basin. This paper
fills this gap by presenting the largest dataset of new and compiled results of carbon (C) and nitrogen (N) stable
isotope analyses carried out on human and animal bone collagen from present-day Hungary, Croatia, and Serbia
dating from the Early Neolithic (EN) to the Chalcolithic (Fig. 1; Table 1, Tab. S1). This large spatio-temporal
approach tracks the evolution and the gradual northwards spread of the Neolithic agropastoral way of life, i.e.,
a subsistence-oriented form of agriculture that combines field cultivation and livestock farming on natural
pastures®!1.

Starting from around 6000 BCE (Table 1), the first farmers coming from the northern Balkans spread in
what is present-day Hungary, the Kéros cultural group heading to the east in the Alf6ld and the Staréevo group
to the west in Transdanubia’®. During the Middle Neolithic (MN), new agricultural techniques enabled both a
decisive shift to the actual Neolithic way of life and the expansion towards more diverse habitats'®1213, while
new input from the northern Balkans increased the cultural diversity in southern Transdanubia'*~1°. A higher
degree of socio-cultural and agropastoral complexity was reached during the Late Neolithic (LN)!®'7, and
considerable changes in settlements, subsistence strategies, and material production marked the transition to
the Chalcolithic period, while yet another input from the Balkans impacted Transdanubia'®. It is nevertheless
still difficult to seize to what extent this cultural diversity and the observed transformations in land-use strategies
and archaeozoological assemblages are related to specific agricultural, husbandry, and/or dietary practices (see
text S1).

To identify and understand subsistence strategies, cultural changes, and population shifts throughout
the Neolithic and Chalcolithic periods, it is fundamental to integrate both the cultural dimension and the
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Fig. 1. Geographical distribution of the studied sites. Site IDs and reference to the data from the literature are
listed in table S1. DTI=Danube-Tisza Interfluve; Modern country borders: HUN = Hungary; HR = Croatia;
RS =Serbia. This map is produced using QGIS 3.10.12 (QGIS Geographic Information System. QGIS
Association. http://www.qgis.org (2024)).To visualize the site distribution for each period separately, see the
figures S1 to S4 as well as the repository to this article’®.

environmental parameters underlying these processes. It is, however, challenging to assess the influence of both
factors in the observed isotope variability. To cope with these challenges, the following research questions were
addressed: (i) Are there changes in subsistence strategies over time during the Neolithic and Chalcolithic? (ii) Can
we identify similarities or disparities in dietary practices between the contemporaneous and successive cultural
groups in this area? (iii) Is it possible to disentangle cultural and environmental drivers in the observed isotopic
patterns? We present an innovative analytical workflow that integrates multivariate exploratory modeling and
multiproxy explanatory analyses to investigate spatio-temporal effects of cultural versus environmental factors
on stable isotope variability in the Neolithic and Chalcolithic Carpathian Basin.

Results

Here we present the results of stable isotope analyses carried out on human and animal bones from the Neolithic
and Chalcolithic Carpathian Basin. Because reliable baselines are lacking at most sites, the relationship between
animal and human data will be only expressed in terms of offsets between the mean values at each site providing
enough samples of each category. The results will also be presented with respect to the determined environmental
clusters. Because cultural and genetic inputs from the northern Balkan have played an important role in both
Transdanubia and the Alf6ld, a comparison dataset from northern Croatia and northern Serbia was included in
the study. However, soil data are not available from the northern Balkan region for this study, therefore, these
samples are not integrated into the environmental cluster analysis.

Fauna

When omitting the poorly preserved samples as well as outlier Bos taurus (HARGY, with -31.76%o), the 8'*C
values from this study’s dataset (n=194) spans from -23.98%o (ovicaprid MEKOO8) to -18.28%o (Bos taurus
BENA16) with a median value at -20.51%o (1st Qu.: -20.94%o, 3rd Qu.: -20.02%o). The §'°N values span from
3.5%o (ovicaprid KON15) to 11.7%o (Canis familiaris ABO27), with a median value at 7.3%o (1st. Qu.: 6.5%o, 3rd
Qu.: 7.4%o). By including other references and previously published data, the range is extended to from -27.18%o
(fish) to -17.00%o (Bos) for §**C values (1st. Qu.: -20.93%o, median: -20.4%o, 3rd Qu.: -19.9%o) and to 3.2 (Equus
hydruntinus) for 8'°N values (1st. Qu.: 6.3%o, median: 7.1%o, 3rd Qu.: 8.1%o) (fig. S5). Only the well represented
species (Bos, Sus, ovicaprids, cervidae) were used for the rest of the analyses.
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Tans. Date (B(E) —|6000-5500  [5500-5000 |[5350-5000 [5000-4800  [4900-4400 [4300-3800 _ 3600-2500 NA

o [humans Thisstudy 310 [2(9 (2@ [0 [0 _[B@) 70 228
(stes)  [Wihref. |47(3  |86(0) |82 |H@  |236(6) |B@ 70 452
nanmals |Thisstudy |32(3) _ |55(6)  |9() 70 2B 10 32 10 %5
(stes)  [Wihref. |B3(4) |72(8) |9() () 830G  |[10) 32 1%
Qultural goups Staréevo _ Sopot _ _ \m NA Sum

Northern Date (B(E) — |6000-5500 _ 5300-4500 _ _ 3600-2500 NA

Quoatia/ |nhumans |Thisstudy |(#(3) LQ) 25

Serba  |(stes)  [Wthre. |37(D) B() () 500 0
nanimals |Thisstudy |3(2) 100 4
(stes)  [Wthref. |8(3) 109 9

Sum humans: this study | incl. ref. 60| 107 21|41 18|32 | 21|47 8|36 0]0 6|1 | 489|934

Sum animals: this study | incl. ref. 54| 88 05| 280 32|83 12 9|9 0|9 11 202|582

Table 1. Number of human and animal bone collagen samples.
Total number of samples that provided reliable isotope data, depending on the main region, period, and
predominant cultural group. Some analyzed individuals and animals were not associated to any chronology
or cultural group and are hence listed here under “NA”. A detailed list of samples including those that did not
meet the quality criteria and specifying the reference of the data collected from the literature is available in

table S1.
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Fig. 2. Carbon and nitrogen isotope values over time. Diachronic evolution of §'3C (a) and §'°N (b) values
among humans and animals (including the omnivores and herbivores only). Detailed overviews of the animal
813C and 8'°N values over time among the main animal species are available in fig. S6 and fig. S7 respectively.

Diachronically, a slight but statistically significant increase in §!*C values among the fauna, except for the
ovicaprids (n = 10), is further noteworthy from the EN to the LN and particularly marked between the EN and
the MN (Fig. 2a; Tab. S2; Fig. S6). An overall increase can be observed in 8"°N values over time as well (Fig. 2b;
tab. S2), but only among the domesticates and with an important drop during the LN, in particular for the Bos
taurus (n=19) (tab. S2, fig. S7). A drop in LN is also visible for the Sus scrofa (n=10), whereas the Sus domesticus
(n=87) and the ovicaprids (n=124) have increasing 8!°N values over time (fig. S7). The observed decrease in
the cervidae’s 8'°N values over time is not statistically significant and should be verified with a larger sample size
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(tab. S2, fig. S7). Spatially, the animal 8'°N values are more elevated in the Alf6ld compared to Transdanubia (tab.
S2; fig. S8a). On the other hand, the §!C values are overlapping between both main regions (tab. S2; fig S8a).
Both 8'°N and §'*C values are slightly lower in southern Hungary compared to northern Hungary (tab. S2; fig
S8b). No comparison can be done at the cultural group level due to too small sample sizes.

Humans

The well-preserved human bone collagen samples from the Neolithic or Chalcolithic periods (n=490) show
813C values spanning from -22.82%o (TIDOO03) to -16.84%0 (BENA06) - although the latter individual has not
been radiocarbon dated and the high §'*C value may point towards a younger period®*!. This also applies
at least for the supposedly ALBK juvenile female HAJE20 with a §!*C value of -17.79%o. The median §'3C
value is -20.16%o (1st Qu.: -20.54%o, 3rd Qu.: -19.83%o). The 8§'°N values presented in this study are spanning
from 5.8%o0 (TOSMO06) to 13.9%o (SZEHO07), with a median value at 10.1%o (1st. Qu.: 9.6%o, 3rd Qu.: 10.7%o).
Adding previously published data to the dataset hardly modifies the summary statistics for §'C values (1st. Qu.:
-20.41%o, median: -20.02%o, 3rd Qu.: -19.73%0) and expands the range of §'°N values, now spanning from 5.4 to
14.2%o (1st. Qu.: 9.7%o, median: 10.2%o, 3rd Qu.: 10.8%o). Even though infants should be considered separately
due to potential breastfeeding effects?, the life stage is not recorded for each individual and infants might not be
recognized in this dataset. When excluding the individuals that were clearly identified as infants, the §'°N values
nevertheless show similar results than the whole sample (min: 6.0%o, max: 13.60%o, 1st. Qu.: 9.7%o, median:
10.2%o, 3rd Qu.: 10.7%o).

In terms of diachronic evolution, there is a significant increase in §'3C values between the EN and the MN
(Fig. 2a; tab. S2). This is visible in particular in the Alf6ld and in the northern Balkans, while in Transdanubia
this applies only between the Staréevo and the TLBK groups, whereas 8'3C values are particularly low at the MN
Vinca and Sopot sites (Fig. 3). During the LN, the Transdanubian Lengyel samples exhibit a wide range, whereas
the Tisza group in the Alf6ld shows considerably low §'3C values — comparable to the Sopot group.

An increase is also attested in §'°N values from the Alféld over time (Fig. 2b; tab. S2) - except for the
drop noticed for the Esztar group (n=22) (Fig. 3). The Transdanubian sites show a more varied pattern, with
particularly low 8'°N values for the MN Vin¢a and Sopot groups. In the northern Balkans, there is an important
drop in 8'°N values between the EN Staréevo and the MN Sopot samples. Just as for animals, human 8'°N values
are slightly more elevated in the Alf6ld than in Transdanubia but there is hardly any difference in 8"°C values
between both main regions nor is there any visible pattern between southern and northern Hungary in terms of
8'°N and 8'3C values (tab. S2; fig. S9).

Human-fauna-offset

The offset in §'3C values between humans and fauna spans from -1.84 to 2.18%o (1st Qu.: -0.01%o, median: 0.35%o,
3rd Qu.: 0.63%o) (tab. S3, Fig. 4). The negative offsets and offsets beyond 1%o would suggest environmental
differences in the food resources between humans and the consumed fauna, which is particularly visible during
the EN, while the other values may represent a simple trophic level shift. The offset in §'°N values varies between
0.6 and 5.9%o (1st Qu.: 2.3%o, median: 3.1%o, 3rd Qu.: 3.5%0). An offset between 3 and 6%o represents the
expected trophic level??, which is visible in the EN and LN, while the offset in the MN is mostly below 3%o.

Environmental clusters

Cluster analysis (K-means, k=9) of the reliable sample was performed using a weighted monthly drought
index (WCON) and a soil unit dataset within a 3000 m spatial catchment around each site (Fig. 5). Sites
cluster according to regional environmental similarities, based on a combination of climatically weighted
flow accumulation, precipitation, temperature (Fig. 6) and soil units (Fig. 7)!°. The strong monthly drought
vulnerability of the Carpathian Basin is regionally mitigated by enhanced superficial streamflow and sub-surface
aquifer development, resulting in a meandering and braided river run-off character of the major drainage
systems within the basin. High temperatures during summer, however, dominate evaporation rates particularly
in the central part of the plain (DTI), leading to increased drought vulnerability. The interplay of sandy soils with
low water storage capacity in the DTI and low rainfall and prolonged heatwaves further accelerates drying-up
processes. Alluvial and meadow soil units are less affected. We observe a strong zonal differentiation between
alluvial and meadow soil site clusters with lower drought vulnerability during the first half of the year (Alfsld),
along the river Tisza floodplain, and towards Transdanubia, which is affected by both different soil properties as
well as hydroclimatic and run-off characteristics.

In general, the site distribution according to the environmental clusters is significantly dependent on the
major regions Alfold and Transdanubia (tabs. S2 and S4, Fig. 5 and S10). On the diachronic perspective, the EN
sites are dominated by Chernozem or meadow soils (tab. S4), and fall within two clusters for Kéros (n=9 sites)
and one cluster for Starc¢evo (n =3 sites) (fig. S11). This represents in each case the most frequent cluster among
the cultural groups from each major region — Alfold and Transdanubia, respectively. On the contrary, the MN
sites (n=25 in the Alféld and n=14 in Transdanubia) show the greatest diversity in environmental conditions
and are distributed over all nine clusters. The LN sites (n=5 in Transdanubia and #n=7 in the Alfold), and to a
lesser extent the Chalcolithic sites (n =4 sites in Transdanubia and n=9 sites in the Alféld), show a slightly lower
diversity in environmental clusters compared to the MN.

When comparing the isotope variability between the clusters (A to I) it is first noteworthy that human and
herbivore 8§!*C and 6'°N values hardly show similar patterns, except cluster F, in which alluvial and salt affected
soils are dominant (tab. $4), and in which both the human and animal samples show among the highest §"°N
values (fig. S12). Another striking result is that the herbivore isotope values are much more varied between
clusters than the human values.
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Fig. 3. Human carbon and nitrogen isotope values among cultural groups. (a) Human §'*C values
among cultural groups. (b) Human §'°N values among cultural groups. A = Alfold, B =northern Balkan,

T =Transdanubia. The numbering corresponds to the chronological order in each region.

Discussion
Overall, the C isotope composition of human and animal bones shows a terrestrial C,-plants-based diet for all
regions and periods. The few samples showing 8*C values above -18.00%o could point towards a diet including C,

plants, which is however considered unlikely for this period (see text S3) and would require a direct radiocarbon
date to verify the affiliation of these samples to the Neolithic or Chalcolithic periods®®?!. On the other hand,
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the expected trophic level offset between human collagen and the consumed animals for both carbon (a)
and nitrogen (b) isotopes. The Vin¢a and Sopot groups belong to the MN and the Tiszapolgar group to the
Chalcolithic.
S13C values below -22.00%o, which may indicate a diet derived from forested environments?>2%, are seldom
in both humans (n=8) and animals (n=19, when excluding freshwater fish samples). Among animals, this
expectantly mainly concerns the cervidae and to some extent the suids. This suggests that during the Neolithic
and Chalcolithic, the food predominantly originated from open environments or fields for both humans and
domesticated herbivores (text $3). The difference in 8!°N values between Sus scrofa and Sus domesticus moreover
indicates that the latter (with 6'°N values rising above 7.5%o over time, see fig. S7) probably had access to food
residues from the human diet.
Diachronic dynamics in subsistence strategies
At EN - and especially Kérés - sites, humans often exhibit lower §'C values than animals (Fig. 4). This suggests
that earliest farmers in this area were possibly including more food from forested or freshwater ecosystems in
their diet compared to the later groups. This assumption is supported by the shift in human §!*C values between
the EN and the MN (especially LBK) (Fig. 2) sites as well as by the archaeozoological records, which show that
fishing and hunting were important subsistence activities at many EN/Koros sites?”28. It is possible that such
activities were still needed to cope with an emerging agricultural system that was still based on Mediterranean
species and traditions in both the Alféld and Transdanubia®-*. This situation also implied that the spread of EN
system was restricted to the warm and dry southern part of the Carpathian Basin, delimited in the north by the
so-called Central European Balkan Agro-Ecological Barrier (CEBAEB)*!%2,

During the MN, new agricultural techniques such as manuring emerged, new crops including pea and opium
poppy got integrated, the husbandry strategies got dominated by cattle!’, and there was an unprecedented
demographic increase®*>. This triggered a geographical expansion of Neolithic settlements northward as well
as towards higher locations and more diverse environmental settings'"*°. This larger environmental diversity is
reflected by the larger spectrum in §'*C values compared to the EN sample (Fig. 2). The particularly low offset
in 8!°N values between humans and herbivores/omnivores at MN sites (mostly < 3%, see Fig. 4) indicates a low
protein diet for the humans and suggests that, with this evolution of agricultural practices, crops were playing a
more important role than animal products in human diet.

A gradual increase in 8'3C and 8'°N values is observed in both human and domesticated animal bone
collagen from the EN to the LN/Chalcolithic (Fig. 2). This could theoretically be related to a progressive change
in climatic conditions, but the decrease in wild herbivore and omnivore §'°N values (fig. S7) as well as the
current state of research suggesting a climate shift only after the LN, imply to reject this hypothesis. This data
thus highlights an increase in natural or intentional manuring®®’. This supports both previous studies’ and
the archaeological records®®*. This can further be put into perspective with the increasing role of salt during
this period?, as husbandry practices intensified, increasing the demand for salt to satisfy the livestock needs.
Intensified land-use strategies may have been a response to the increased food demand implied by the attested
demographic boom in the first half of the fifth millennium BC*!.
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Fig. 5. Site cluster distribution (a) and heatmap (b). K-means (k=9) site cluster distribution in the study area
from drought index (WCON) and soil unit cluster analysis. Site ID and additional information are available
from tables S1 and S4 as well as in the repository to this article'’. This map (a) is produced using QGIS 3.10.12
(QGIS Geographic Information System. QGIS Association. http://www.qgis.org (2024)).

The drop in Bos taurus 8'°N values during the LN may, however, highlight a shift in husbandry strategies
during that period (fig. S7). Cattle were possibly kept in more extensive and diverse areas without manuring
effect, whereas smaller domesticates were kept in smaller and more intensively managed areas, probably closer
to the settlements. This is attested by the archaeological records showing larger herds that needed larger grazing
areas*? - a pattern accompanied by a more extensive settlement distribution!""!”. The large offset in §'°N values
between humans and animals from LN sites (Figs. 2 and 4) might reveal an increased role of pastoralism even
before the Chalcolithic period, but the reduced mobility rate in the LN*® and previous in-depth investigations’
do not support this hypothesis. This large offset is therefore another evidence for the consumption of crops
coming from manured fields.

Cultural diversity

Beyond the considerable shift in land-use strategies, subsistence practices, and dietary habits between EN
Koros/Star¢evo and MN ALBK/TLBK, it is noteworthy that the MN Vinc¢a and Sopot groups in southern
Transdanubia are characterized by considerably lower §'°N and §'3C values in human bone collagen compared
to the contemporaneous TLBK sites (Fig. 3). This shows strong differences in agricultural and dietary habits
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Weighted conditional monthly model (wCON):
climate and flow accumulative drought index
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Fig. 6. wCON drought index for the Carpathian Basin. wCON model outputs are based on simulated and
weighted flow accumulation and the climate conditional model CON using precipitation and temperature
monthly values. Low values show strong drought vulnerability, high values indicate humid conditions for each
month. The maps were produced by M. Kempf using the R-software 4.3.2 (https://www.r-project.org/)®*. See
the article’s repository for a detailed overview at the site level .

between these contemporaneous cultural groups despite their presence in the same regions. Archaeologically,
the Viné¢a and Sopot groups are known to have strong relationships to the Northern Balkans** (see also text S1).
This Balkan origin was confirmed by genetic data?>*® and to some extent supported by strontium and oxygen
isotope analyses®’. Yet the considerably higher §!3C values observed in the comparison Sopot samples from
the northern Balkan (n=16, see Fig. 3) do not suggest that the northern Balkan Sopot dietary habits were kept
in Transdanubia — even though differences in environmental settings may have resulted in both different §!*°C
values and subsistence strategies. One hypothesis would be that since the Sopot groups in Transdanubia were
sharing their habitat with local TLBK groups, they adapted their diet by relying more on resources not used by
TLBK people, such as food from forested and freshwater ecosystems. A very good example of such a coexistence
in a restricted space can be found at Alsényék-Bataszék?”4”.

Moreover, and despite their genetically attested contacts with local foragers*>*, the Vinéa and Sopot groups
from both regions show no evidence of a protein-rich diet (Figs. 3 and 4), which would have reflected an
important role of hunting and fishing as suggested by their low §'3C values (Fig. 3) - the Neolithic freshwater fish
consumed in the Carpathian Basin showing also elevated §!°N values®®. It is therefore possible that in particular
plants and fruits gathered in the forest played an important role in their diet. A more comprehensive isotope
baseline would be needed at each site to clarify this assumption. The small number of sites providing isotope data
may further imply that these are site-specific rather than cultural-specific patterns!®!®. This applies also in the
Alféld, where the various MN groups show overlapping 8!°N and 8'3C values, while the late Esztar group differs
by lower 8'°N values (Fig. 3).

While the Vin¢a had a demographic and cultural impact on southern TLBK, the intruding Sopot groups
rather influenced the formation of the Lengyel cultural group'>'>. But during the LN, both the Lengyel cultural
circle in Transdanubia and (even more importantly) the Tisza culture in the Alf6ld show an increase in §'°N
values compared to the MN (Fig. 3), related to the above-mentioned intensification of agricultural practices. One
would expect similar dietary habits between the Vin¢a/Sopot groups and the Lengyel culture, because of their
role in shaping the Lengyel culture. However, human Lengyel §'°N and §'>C values mostly overlap with those of
the TLBK, although the few sites providing enough baseline samples revealed a protein-rich diet during the LN.
In contrast to the Lengyel group, the elevated §'°N values from the Tisza sample are associated with particularly
low 813C values, reaching similar levels as for the Sopot group. In this context, it is not excluded that fishing and
gathering were again playing an important role for the Tisza communities?.

The observed dietary difference compared to Transdanubia may as well be related to the emergence of tell
mounds and the increased diversity of land-use activities in the LN Alf6ld***°. Moreover, the formation of the
Tisza culture resulted from the cultural interaction between Szakilhét and late local ALBK groups'®, but, just
as stressed above for the Lengyel group, the diet of these LN individuals notably differs from these two MN
samples (Fig. 3). This indicates again that despite a certain degree of continuity at the material culture level,
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Fig. 7. Soil units in the Carpathian Basin. Soil units and site selection buffers (3000 m) for K-means cluster
analysis of soil and monthly drought index (wCON) (for soil data, see?*). Site ID and additional information
are available from tables S1 and S4. A detailed overview at the site level is available from the repository to this
article!®. This map is produced using QGIS 3.10.12 (QGIS Geographic Information System. QGIS Association.
http://www.qgis.org (2024)).

the development of subsistence strategies remained dynamic and specific to each cultural group. The increased
socio-political complexity of LN groups further contributes to explain such dietary differences. Previous
strontium and oxygen isotope studies further stressed a reduced mobility during the LN**%>, which may be
put into perspective with the intensification of agricultural practices and the increasing use of manure.

Environmental and climatic diversity

The outlined patterns suggest some essential differences in dietary habits and subsistence strategies not only
over time but also between contemporaneous cultural groups. When comparing the results at the cultural group
level, it is nevertheless important to note that only seven out of 17 cultural groups are represented by at least five
sites. All other cultural groups including the Vinca, Sopot, and Tisza groups are represented by only four sites
or less. Thus, there is a risk that the observed isotopic variability might be rather representative for site-specific
instead of cultural-specific patterns linked to dietary habits. It is not always possible to assess this directly from
the isotopic baseline since animal and plant samples are sometimes scarce. This section discusses a first attempt
to test the influence of environmental versus cultural factors on isotope variability.

The cluster subdivision is heavily determined by the geographical location in the Alf6ld or in Transdanubia
(Fig. 5 and S10-S11). Therefore, most contemporaneous cultural groups from these two regions are inevitably
associated with different environmental clusters based on this essential geographical difference. Isotopically, it
appears that the Alfld 8'°N values are quasi systematically more elevated than Transdanubian values in both
humans and animal samples (figs. S8a and S9a). This seems to be at least partly related to the important role
of alluvial and salt affected soils at those sites (tab. S4). However, and despite the small sample size among
animals, it is striking that herbivore isotope values are considerably more varied than human values between
the environmental clusters, and that the herbivore and human isotope data do not follow the same patterns
in terms of isotope variability (fig. S12). This demonstrates that the herbivores are isotopically more sensitive
to environmental variability than humans, and in turn, that the human diet is rather standardized and hence
reflects culturally-driven habits.

On the diachronic perspective, the restricted distribution of the EN site over three out of nine environmental
clusters (fig. S11) may reflect the still constrained settlement spread of early agropastoral communities during
the EN®. Without ignoring the larger sample size, the fact that MN sites are represented in each environmental
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cluster may in turn reflect the archaeologically attested expansion in site distribution during the MN'%!3, The
lesser diversity observed for LN and Chalcolithic sites may be related to further archaeologically and isotopically
attested shifts in subsistence strategies and site distribution!"¢17,

In this context, the three Sopot sites from Hungary show three different soil settings in their catchment area
and are distributed over two environmental clusters (tab. S4, fig. S11). The other Transdanubian cultural groups
are associated with the same clusters. The two Vinca sites are located very close to each other, both having mainly
brown forest soils in their site catchment and being as well on the most frequently represented environmental
cluster in Transdanubia among all cultural groups. Tisza sites are predominantly on meadow soils — though one
is on salt affected and alluvial soils. They fall in the same clusters than the other cultural groups in the Alf6ld.
Based on this combination of variables, there is thus hardly any environmental pattern that would explain the
specific isotope values recorded at those sites. We can therefore conclude that the isotope diversity between
archaeological groups indeed reflects culturally-driven dietary habits.

Finally, by testing the potential impact of cultural versus environmental parameters in isotope diversity in
Neolithic and Chalcolithic Hungary, this approach demonstrates that the environmental variability not only
influences land-use strategies but also the isotopic baseline as mainly reflected by the herbivores. However, and
more importantly, it reveals that culturally-driven dietary habits have an even stronger impact on human isotope
variability. In future applications of this new approach, it might be worthwhile to test the impact of the research
settings on the results by modifying the radius of the site catchment or the environmental parameters included
in the analysis. It is not excluded that this approach applied to other or larger research areas would reveal a more
important influence of environmental parameters on isotope variability.

Methods

This study focuses on the results of stable isotope analyses carried out on human and animal bone collagen. This
section presents the collected material, the preparation, processing and analysis of bone samples, as well as the
statistical and environmental analyses associated with the interpretation of isotope data. The material collected
from human and animal skeletal remains, the site abbreviations and lab names as well as the institutions in
which the material was stored are listed in table S1. The animals are mainly derived from settlement contexts
related to the funeral sites where the humans are coming from, and in most cases, they could be identified as
residues of human consumption.

Human bone collagen

The skeletal remains of 536 human individuals from 53 archaeological sites scattered all over present-day Hungary
and parts of Croatia were selected for C and N isotope analyses (Fig. 1; Table 1; tab. S1). There is no ethical issue
related to the analysis of these archaeological remains as disclosed in the ethics declaration. Access to the skeletal
material was provided by the institutions listed in the Supplementary table S1, sheet “E_Storage institutions”
in the controlled framework of the German Research Foundation (DFG), grant number Al 287/10-1. Among
the analyzed remains, 489 samples from 51 sites met the chronological and quality criteria to be kept and used
in this study. In the Alfold, this encompasses samples from the following cultural groups: Kords (6000 —5500
BCE, n=15), ALBK (5500 — 5000 BCE, n=100), Esztar (5350 — 5000 BCE, n=22), Szakalhat (4900 —4800 BCE,
n=>54), Tisza (4900 — 4500 BCE, n=31), and Tiszapolgar (4400 —4300 BCE, n=8). In Croatia, only the Star¢evo
(6000-5500 BCE, n=14), Baden (3500—-2700 BCE, n=1), and the Vucedol (3000-2400 BCE, n=10) groups
are represented. In Transdanubia, the dataset includes samples from the Star¢evo (5900 — 5500 BCE, n=31), the
TLBK (5500 — 5000 BCE, n=42), the Vinéa (5400 — 4500 BCE, n=28), the Sopot (5000 — 4800 BCE, n=25), the
Lengyel (4900 —-4400 BCE, n=82), the Balaton-Lasinja (4300 —3800 BCE, n=13) and the Baden (3500 —2500
BCE, n=7) cultural groups. Table 1 shows how the sample size could be increased using published data from
the literature*®852-> Rib (n=423) was the preferred sampled material, as their bone remodeling rate best
reflects the isotopic composition of the diet in recent years before death. If the ribs were not available or poorly
preserved, a skull bone (n=81), long bone (n=46), pelvis bone (n=4), mandibula (n=1), scapula (n=1), or
other unspecified bone (n=10) was used instead.

Animal bone collagen

Within the studied area, 30 sites further provided a total of 217 animal bones (Table 1; tab. S1) to determine
C and N stable isotope reference data that characterizes the respective habitats. This sample serves as a proxy
to diachronically investigate the ecological parameters of the study area as well as the evolution of husbandry
and agropastoral strategies. There is no ethical issue related to the analysis of these archaeological remains as
disclosed in the ethics declaration. Access to the skeletal material was provided by the institutions listed in the
Supplementary table S1, sheet “E_Storage institutions” in the controlled framework of the German Research
Foundation (DFG), grant number Al 287/10 — 1. The represented species are Bos taurus (n=63), Bos primigenius
(n=11), Bos unspecified (n=10), Sus domesticus (n=34), Sus scrofa (n=38), Sus unspecified (n=1), Ovis aries
(n=10), Capra hircus (n=1), ovicaprids (n=46), Ovis/Capra/Sus uncertain (n=2), Capreolus capreolus (n=7),
Cervus elaphus (n=9), Lepus europaeus (n=3), and Canis familiaris (n=9). The species of four samples could not
be determined. The selected animal bones were primarily long bones or skull fragments.

Stable isotope analyses

All bone fragments were first superficially ground down, then sawed open and the cancellous bone was removed.
Resulting from this preparation, at least 300 mg of sample material was collected per individual. Collagen was
isolated using the Longin method®, modified according to Miildner and Richards®'. To determine the relative
proportions of C and N, the samples were vaporized and quantified in an element analyser (Vario EL III,
Elementar Analysis Systems, Hanau, Germany). The C and N isotopes were measured using an IsoPrimeTM
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High Performance Stable Isotope Ratio mass spectrometer from GV Instruments, Manchester. Two weights were
taken for each sample in order to minimize errors. The mean value was then calculated from both samples. The
data was normalized according to Paul and colleagues®. In order to exclude diagenesis processes when analyzing
bones deposited in the ground, we used the quality criteria developed by Ambrose®®. The quantitative collagen
content, the atomic C/N ratio and the percentage of both elements in the collagen content were used as quality
criteria®® in order to reject samples that were contaminated or whose isotope ratio was altered.

Offset and statistical analyses
Measuring the offset between fauna and human isotope values enables to draw conclusions about human diet
composition, especially in terms of trophic level. This can however only be done at the site scale and with
contemporaneous data. In 34 cases, a site provided contemporaneous humans and fauna were represented by at
least two samples each. A sample size of n=2 is not representative for the baseline or for the human diet at the
site, but this low limit was chosen to enhance the dataset. The offset in both C and N isotope ratios was calculated
from the mean 8'3C values and mean 8'°N values of humans compared to those of contemporaneous herbivores
and omnivores from the same site.

To test the significance of the observed patterns in terms of diachronic evolution of differences between
regions or cultural groups, we performed one-way ANOVA tests and Kruskal-Wallis tests using R-software® and
reported the results in the table S2.

Environmental settings in the study area

The Carpathian Basin at the western edge of the Eurasian Steppe Belt is predominantly influenced by continental
climate with some maritime influences resulting in locally and seasonally dry conditions and an annual average
rainfall of less than 500 mm in the central plain®®®’, In the Boreal phase, warmer and drier conditions prevailed,
leading to the widespread presence of grassland vegetation®®*’. During the subsequent Atlantic phase “climatic
optimum”, early farming activities and the early Neolithic period in the Carpathian Basin emerged®. Large
portions of the Great Hungarian Plain are covered by Quaternary gravel, sand and silt’® and Upper Pleistocene
loess is primarily found along the hilly peripheries of the plain, the Mez6f6ld region west of the Danube, and
the alluvial fans within the basin. Extensive sand deposits are prevalent in the Danube-Tisza Interfluve (DTT)
and the Kiskunsag region east of the Danube”’. The eastern part of the Carpathian Basin experienced significant
floodplain dynamics and channel reorganization driven by late Pleistocene/Holocene avulsion activity’!~”3. This
resulted in a very scattered soil mosaic across the entire Carpathian Basin with a particular abundance of alluvial
and meadow soils in the floodplain areas’. Lithomorphic soils are abundant in the northern mountain ranges
whereas in the loess-covered plains, modern Chernozems predominate and often exhibit significant salt-related
soil properties due to the presence of saline groundwater in the central part of the plain’>~”’. In the DTI, sandy
soils with localized salt deposits are the dominant soil units’>7778,

Environmental conditional model

Based on the strong climatic and pedologic variability of the Carpathian Basin, the environmental model
integrates large-scale hydroclimatic, topographic, and geomorphological functionalities to evaluate site
catchment conditions at the local scale. For this reason, we first establish a monthly weighted model of water
accumulation based on topography and precipitation including the entire drainage system of the river Danube
upstream of Serbia at a spatial resolution of 150 x 150 m. The model is based on a resampled gridded digital
elevation model (DEM) from the SRTM 90 m Digital Elevation Database (v4.17°). All statistical and spatial
analyses were performed using R software®. Using the whitebox package®’, the DEM was cropped to a mask
representing the drainage basin of the river Danube (Copernicus, EU-Hydro - River Net User Guide 1.3). All
sinks were removed to ensure continuous water accumulation downslope and a raster and vector streamflow
system was simulated. From the run-off simulation, the largest connected stream-flow membership and the
main stem were extracted. Using the intersection of the main stem and the administrative boundary of Serbia,
the upslope area of the river Danube watershed was calculated based on the processed DEM and the intersection
point. The study area is cropped to that area that is affected by precipitation occurring across the upslope
drainage system of the study area only.

Average monthly precipitation (P) and temperature (T) data for the reference period 1970-2000 was used to
estimate rainfall variability across the cropped drainage system at high resolution®!. P and T gridded data was
cropped to that watershed, re-projected, and resampled to the resolution of the DEM. Monthly mean values for
P and T were processed for both the entire watershed and for the Carpathian Basin only. We use a combination
of the Rsagacmd®? and the terra®® packages with the Rho 8 flow accumulation top down algorithm® from the
hydrology tool to estimate the weighted water accumulation as a function of the upslope gradient and the
monthly rainfall variability. We equally processed the T average values and cropped the monthly subsets to the
extent of the Carpathian Basin core area. P, T, and flow accumulation (ACC) were rescaled using a min-max
function.

From the P and T subsets of the Carpathian Basin we created a set of conditional models (CON) to estimate
areas that are affected by dry conditions during high T and low P values, humid conditions during high P and
low T values and moderate conditions during average climatic variability across each month. We used quantiles
as thresholds to differentiate into probabilities below 25%, 25-50%, 50-75% and above 75% of the gridded
data range. CON follows the rationale in table S5; the result can be visualized using monthly gridded plots
(see repository to this article!®). The results from monthly CON were then used to create a second weighted
conditional model (wCON) that integrates the normalized ACC as a factor to estimate zones of drought
vulnerability or increased water availability across the study area (WCON drought index, Fig. 6). We calculated
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the quartiles of the flow accumulation model (QA) and the conditional model (QC) and applied the following
conditions for each month (tab. S6).

The output of wCON integrates regional feedback to supraregional hydroclimatic conditions and the
resulting drought/wetness index for the study area (Fig. 6). These two parameters were chosen to best represent
monthly variability of dry/humid conditions in the Carpathian Basin. To evaluate the isotopic data from the
sample site catchment with a 3000 m radius around each site, we ran cluster analyses on gridded data cropped
to spatial buffers of each site. We selected the monthly conditional drought index (wCON, Fig. 6) as well as
high-resolution soil dataset?* (Fig. 7) that provides information about fertility and potential land-use. The data
comes in vector format and covers nine different soil types, depending on morphological conditions (with
ID): 10=skeletal soil, 20=sand soil, 30=lithomorphic soil, 40 =brown forest soil, 50 = Chernozem, 60 =salt
affected soil, 70 = meadow soil, 80 = peat soil, and 90 =alluvial soil. All raster data within the spatial buffers were
transformed into data matrices and K-means clustering analyses were performed using variable numbers of
clusters (k) and the package stats®® (Fig. 5).

Due to large data variability, we preprocessed the matrices using a Principal Component Analysis (PCA)
prior to clustering. We chose values with 99% to be representative for the variance. Using gap statistics and
the silhouette method from a combination of the R-packages factoextra®® and cluster®®, we directly assessed
the quality of the cluster criteria for each site (silhouette method) as well as statistically compared the cluster
structure against random distribution using a maximum number of k=30 (gap statistics®’). We found that k=9
provides a suitable number for comparison clusters within a 3000 m catchment around each site.

Data availability

All data generated and/or analyzed in this study are included in the manuscript. Source Data is available from
the supplementary files and from the repository to this article (doi: 10.5281/zenodo.14206253). Material re-
quests should be addressed to: margaux.depaermentier@if.vu.lt; michael. kempf@unibas.ch; Kurt.Alt@dp-uni.
ac.at .A commented R code to reproduce the environmental systems analysis, conditional models, and cluster
analysis is available from this repository: 10.5281/zenodo.14206253 (During review process, the model code is
submitted as additional data file).

Received: 11 September 2024; Accepted: 29 January 2025
Published online: 04 February 2025

References

1. O'Connell, T. C. Diet and nitrogen isotopes. Encyclopedia Archaeol. Sci. 1-4. https://doi.org/10.1002/9781119188230.saseas0185
(2018).

2. Bartelink, E. J. Diet and carbon isotopes. Encyclopedia Archaeol. Sci. https://doi.org/10.1002/9781119188230.saseas0184 (2018).

3. Beasley, M. M. & Somerville, A. D. Exploring Human Behavior through Isotope Analysis. Applications in Archaeological Research
(Springer International Publishing, 2023).

4. Whittle, A. et al. Hungary. In The first farmers of central Europe. Diversity in LBK lifeways (eds Bickle, P. & Whittle, A.) 49-100
(Oxbow Books and the David Brown Book Company, 2013).

5. Bayliss, A. et al. I. Peopling the past: creating a site biography in the Hungarian neolithic. Bericht Der Romisch-Germanischen
Kommission, 23-91 (2016).

6. Blanz, M. et al. Early neolithic pastoral land use at Alsényék-Bataszék, Hungary (Staréevo culture): new insights from stable
isotope ratios. PloS One. 18, €0295769. https://doi.org/10.1371/journal.pone.0295769 (2023).

7. Hoekman-Sites, H. A. & Giblin, J. I. Prehistoric animal use on the great Hungarian Plain: a synthesis of isotope and residue
analyses from the neolithic and copper age. J. Anthropol. Archaeol. 31, 515-527. https://doi.org/10.1016/j.jaa.2012.05.002 (2012).

8. Giblin, J. I. & Yerkes, R. W. Diet, dispersal and social differentiation during the copper age in eastern Hungary. Antiquity 90, 81-94.
https://doi.org/10.15184/aqy.2016.3 (2016).

9. Banffy, E. First Farmers of the Carpathian Basin: Changing Patterns in Subsistence, Ritual and Monumental Figurines (Oxbow
Books, 2019).

10. Kreuz, A., Pomazi, P. & Banffy, E. Hungarian neolithic landscapes, crops and diet - signs of cultural decisions? Quatern. Int.
560-561, 102-118. https://doi.org/10.1016/j.quaint.2020.06.008 (2020).

11. Kempf, M. Take a seed! Revealing neolithic landscape and agricultural development in the Carpathian Basin through multivariate
statistics and environmental modelling. PloS One. 16, €0258206. https://doi.org/10.1371/journal.pone.0258206 (2021).

12. Banffy, E. The 6th Millennium BC Boundary in Western Transdanubia and its role in the Central European Neolithic Transition: The
Szentgyorgyvolgy-Pityerdomb Settlement (Archaeological Institute of the Hungarian Academy of Sciences, 2004).

13. Jakucs, J. et al. Between the Vinc¢a and Linearbandkeramik worlds: the diversity of practices and identities in the 54th-53rd
centuries cal BC in Southwest Hungary and Beyond. J. World Prehistory. 29, 267-336. https://doi.org/10.1007/s10963-016-9096-x
(2016).

14. Jakucs, J. LBK and Vin¢a in South-East Transdanubia: comments on merging, interleaving and diversity. Quatern. Int. 560-561,
119-141. https://doi.org/10.1016/j.quaint.2020.03.029 (2020).

15. Oross, K. et al. Midlife changes: the Sopot burial ground at Alsényék. Bericht Der Romisch-Germanischen Kommission. 2013,
151-178. https://doi.org/10.11588/berrgk.1938.0.37153 (2016).

16. Raczky, P. The Tisza culture of the Great Hungarian Plain. Referate der Teilnehmer am Internationalen Symposium iiber die Rolle
des Schwarzen Meeres in der Urgeschichte Europas, Dobriae 1988. Studia praehistorica, 162-176 (1992).

17. Barna, J. P. The Formation of the Lengyel Culture in South-Western Transdanubia (Archaeo, 2017).

18. Regenye, J. et al. Some Balaton-Lasinja Graves from Veszprém-Jutasi Ut and an outline chronology for the earlier copper age in
Western Hungary. Doc. Praehistorica. 49, 280-299. https://doi.org/10.4312/dp.49.4 (2022).

19. Kempf, M. Supplement material to: Depaermentier, Kempf, Banffy, Alt : Cultural diversity shaped Neolithic subsistence in the
Carpathian Basin [Data set]. In Scientific Reports. zenodo; (2024). https://doi.org/10.5281/zenodo.14206253 (2024).

20. Motuzaite-Matuzeviciute, G., Staff, R. A., Hunt, H. V,, Liu, X. & Jones, M. K. The early chronology of broomcorn millet (Panicum
miliaceum) in Europe. Antiquity 87, 1073-1085. https://doi.org/10.1017/S0003598X (2013).

21. Filipovi¢, D. et al. New AMS 14 C dates track the arrival and spread of broomcorn millet cultivation and agricultural change in
prehistoric Europe. Sci. Rep. 10 https://doi.org/10.1038/541598-020-70495-z (2020).

22. Fuller, B. T, Fuller, J. L., Harris, D. A. & Hedges, R. E. M. Detection of breastfeeding and weaning in modern human infants with
carbon and nitrogen stable isotope ratios. Am. J. Phys. Anthropol. 129, 279-293. https://doi.org/10.1002/ajpa.20249 (2006).

Scientific Reports |

(2025) 15:4281 | https://doi.org/10.1038/s41598-025-88541-z nature portfolio


https://doi.org/10.1002/9781119188230.saseas0185
https://doi.org/10.1002/9781119188230.saseas0184
https://doi.org/10.1371/journal.pone.0295769
https://doi.org/10.1016/j.jaa.2012.05.002
https://doi.org/10.15184/aqy.2016.3
https://doi.org/10.1016/j.quaint.2020.06.008
https://doi.org/10.1371/journal.pone.0258206
https://doi.org/10.1007/s10963-016-9096-x
https://doi.org/10.1016/j.quaint.2020.03.029
https://doi.org/10.11588/berrgk.1938.0.37153
https://doi.org/10.4312/dp.49.4
https://doi.org/10.5281/zenodo.14206253
https://doi.org/10.1017/S0003598X
https://doi.org/10.1038/s41598-020-70495-z
https://doi.org/10.1002/ajpa.20249
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

O’Connell, T. C., Kneale, C. J., Tasevska, N. & Kuhnle, G. G. C. The diet-body offset in human nitrogen isotopic values: a controlled
dietary study. Am. J. Phys. Anthropol. 149, 426-434. https://doi.org/10.1002/ajpa.22140 (2012).

Pasztor, L., Laborczi, A., Bakacsi, Z., Szabd, J. & Illés, G. Compilation of a national soil-type map for Hungary by sequential
classification methods. Geoderma 311, 93-108. https://doi.org/10.1016/j.geoderma.2017.04.018 (2018).

Drucker, D. G., Bridault, A., Hobson, K. A., Szuma, E. & Bocherens, H. Can carbon-13 in large herbivores reflect the canopy effect
in temperate and boreal ecosystems? Evidence from modern and ancient ungulates. Palaeogeogr., Palaeoclimatol. Palaeoecol. 266,
69-82. https://doi.org/10.1016/j.palaeo.2008.03.020 (2008).

Doppler, T. et al. Landscape opening and herding strategies: Carbon isotope analyses of herbivore bone collagen from the neolithic
and bronze age lakeshore site of Zurich-Mozartstrasse, Switzerland. Quatern. Int. 436, 18-28. https://doi.org/10.1016/j.quaint.201
5.09.007 (2017).

Nyerges, E. A. & Biller, A. Z. Neolithic animal husbandry in the Tolnai-Sirkdz Region on the basis of the archaeozoological finds
from the Alsényék-Bataszék archaeological site. Hung. Archaeol. E-J., 1-7 (2015).

Bartosiewic, L. Early neolithic fishing in the Middle Tisza Region, Hungary. Archeofauna 22, 133-144 (2013).

Ethier, J. et al. Earliest expansion of animal husbandry beyond the Mediterranean Zone in the sixth millennium BC. Sci. Rep. 7,
7146. https://doi.org/10.1038/s41598-017-07427-x (2017).

Gulyis, S., Nagy, B., Stimegi, P,, Scholl-Barna, G. & Demény, A. Intensified mid-holocene floods recorded by archeomalacological
data and resilience of first farming groups of the Carpathian Basin. Archaeol. Anthropol. Sci. 12 https://doi.org/10.1007/s12520-02
0-01120-3 (2020).

Siimegi, P. Paleogeographical background of the Mesolithic, Early Neolithic settlements in the Carpathian Basin. In Proceedings of
the 15th UISPP, 47-51 (2008).

Banffy, E. & Stimegi, P. The early Neolithic agro-ecological barrier in the Carpathian Basin: a zone for interaction. In Archaeological,
cultural and linguistic heritage: Festschriftfor Erzsébet Jerem in honour of her 70th birthday, (eds Anreiter, P. et al.) 57-69 (Metzner-
NebelsickArchaeolingua, 2012).

Bocquet-Appel, J. P. Paleoanthropological traces of a neolithic demographic transition. Curr. Anthropol. 43, 637-650. https://doi.o
rg/10.1086/342429 (2002).

Porci¢, M. The beginning of the neolithic in the central Balkans. Doc. Pracehistorica. 51, 2-17. https://doi.org/10.4312/dp.51.11
(2024).

Sarris, A. et al. Geophysical prospection and soil chemistry at the early copper age settlement of Vészt6-Bikeri, Southeastern
Hungary. J. Archaeol. Sci. 31, 927-939. https://doi.org/10.1016/j.jas.2003.12.007 (2004).

Fraser, R. A. et al. Manuring and stable nitrogen isotope ratios in cereals and pulses: towards a new archaeobotanical approach to
the inference of land use and dietary practices. J. Archaeol. Sci. 38, 2790-2804. https://doi.org/10.1016/j.jas.2011.06.024 (2011).
Bogaard, A. et al. Crop manuring and intensive land management by Europe’s first farmers. Proc. Natl. Acad. Sci. U.S.A. 110,
12589-12594. https://doi.org/10.1073/pnas.1305918110 (2013).

Osztas, A. et al. Coalescent community at Alsonyék: the timings and duration of Lengyel burials and settlement. Bericht Der
Roémisch-Germanischen Kommission. 2013, 179-282 (2016).

Whittle, A. The time of Their Lives. Hunting History in the Archaeology of Neolithic Europe (Oxbow Books, 2018).

Bénfly, E. The beginnings of salt exploitation in the Carpathian basin (6th-5th millennium BC). Doc. Praehistorica. 42 https://doi.
org/10.4312/dp.42.13 (2015).

Parkinson, W. A. et al. Early copper age settlements in the Korés Region of the great Hungarian Plain. J. Field Archaeol., 164-183
(2010).

Bokonyi, S. A History of Domestic Animals in Central and Eastern Europe (Akadémiai Kiado, 1988).

Depaermentier, M. L. C., Kempf, M., Banffy, E. & Alt, K. W. Tracing mobility patterns through the 6th-5th millennia BC in the
Carpathian Basin with strontium and oxygen stable isotope analyses. PloS One. 15, €0242745. https://doi.org/10.1371/journal.pon
€.0242745 (2020).

Banffy, E. Mesolithic-neolithic contacts as reflected in ritual finds. Doc. Praeh. 32, 73-86. https://doi.org/10.4312/dp.32.4 (2005).
Szécsényi-Nagy, A., Jakucs, J., Brandt, G., Banffy, E. & Alt, K. W. Ancient DNA evidence for a homogeneous maternal gene pool
in sixth millennium cal BC Hungary and the Central European LBK. In Early farmers: the View from Archaeology and Science (eds
Whittle, A. & Bickle, P) 71-93. (Oxford University Press/British Academy, 2014).

Szécsényi-Nagy, A. et al. Tracing the genetic origin of Europe’s first farmers reveals insights into their social organization. Proc.
Royal Soc. B: Biol. Sci. 282 https://doi.org/10.1098/rspb.2015.0339 (2015).

Depaermentier, M. L., Osztas, A., Banffy, E., Alt, K. W. & Kempf, M. Neolithic land-use, subsistence, and mobility patterns in
Transdanubia: a multiproxy isotope and environmental analysis from Alsényék — Bataszék and Moragy — Ttizk6domb. J. Archaeol.
Science: Rep. 33, 102529. https://doi.org/10.1016/j.jasrep.2020.102529 (2020).

Fiizesi, A., Rassmann, K., Banffy, E. & Raczky, P. Human activities on a late Neolithic tell-like settlement complex of the Hungarian
plain (Ocsdd-Kovashalom). Chapter 10. In Current Approaches to Tells in the Prehistoric Old World, (Blanco-gonzélez, A. &
Kienlin, T. L.) 139-162 (Oxbow Books, 2020).

Raczky, P. et al. Neolithic settlement mounds in the southern Alfld (Previous research and new investigations at Hodmez&vésarhely-
Kokénydomb). In From Farmers to Heroes? Archaeological Studies in Honor of Stawomir Kadrow, (ed Debiec, M.) 255-277. (2022).
Giblin, J. I. Strontium isotope analysis of neolithic and copper age populations on the great Hungarian Plain. J. Archaeol. Sci. 36,
491-497. https://doi.org/10.1016/j.jas.2008.09.034 (2009).

Giblin, J. I, Knudson, K. J., Bereczki, Z., Pélfi, G. & Pap, L. Strontium isotope analysis and human mobility during the neolithic and
copper age: a case study from the great Hungarian Plain. J. Archaeol. Sci. 40, 227-239. https://doi.org/10.1016/j.jas.2012.08.024
(2013).

Lightfoot, E., Boneva, B., Miracle, P. T. & Slaus, M. O’Connell, T. C. Exploring the Mesolithic and neolithic transition in Croatia
through isotopic investigations. Antiquity 85, 73-86. https://doi.org/10.1017/S0003598X00067442 (2011).

Zivaljevi¢, L. et al. Revealing the hidden Pannonian and Central Balkan Mesolithic: new radiocarbon evidence from Serbia.
Quatern. Int. 574, 52-67. https://doi.org/10.1016/j.quaint.2020.11.043 (2021).

Jovanovi¢, J. et al. Farmers from southwestern Carpathian Basin: neolithic lifeways in the light of new radiocarbon and stable
isotope evidence from the sites of Golokut Vizi¢, Donja Branjevina, and Bezdan-Backi Monostor in northern Serbia. . Archaeol.
Science: Rep. 58, 104740. https://doi.org/10.1016/j.jasrep.2024.104740 (2024).

Jovanovi¢, J. et al. New Radiocarbon dates, stable isotope, and anthropological analysis of prehistoric human bones from the
Balkans and Southwestern Carpathian Basin. Doc. Prach. 48, 224-251. https://doi.org/10.4312/dp.48.18 (2021).

Whittle, A., Bartosiewicz, L., Bori¢, D., Pettitt, P. & Richards, M. P. In the beginning: new radiocarbon dates for the early neolithic
in northern Serbia and south-east Hungary. Antaeus 25, 63-117 (2002).

Gamarra, B. et al. 5000 years of dietary variations of prehistoric farmers in the great Hungarian Plain. PloS One. 13, €0197214.
https://doi.org/10.1371/journal.pone.0197214 (2018).

Jovanovic, J. et al. Last hunters—first farmers: new insight into subsistence strategies in the Central Balkans through multi-isotopic
analysis. Archaeol. Anthropol. Sci. 11, 3279-3298. https://doi.org/10.1007/s12520-018-0744-1 (2019).

Jovanovi¢, J., Power, R. C., de Becdelievre, C., Goude, G. & Stefanovi¢, S. Microbotanical evidence for the spread of cereal use
during the mesolithic-neolithic transition in the Southeastern Europe (Danube Gorges): data from dental calculus analysis. J.
Archaeol. Sci. 125, 105288. https://doi.org/10.1016/j.jas.2020.105288 (2021).

Scientific Reports |

(2025) 15:4281

| https://doi.org/10.1038/s41598-025-88541-z nature portfolio


https://doi.org/10.1002/ajpa.22140
https://doi.org/10.1016/j.geoderma.2017.04.018
https://doi.org/10.1016/j.palaeo.2008.03.020
https://doi.org/10.1016/j.quaint.2015.09.007
https://doi.org/10.1016/j.quaint.2015.09.007
https://doi.org/10.1038/s41598-017-07427-x
https://doi.org/10.1007/s12520-020-01120-3
https://doi.org/10.1007/s12520-020-01120-3
https://doi.org/10.1086/342429
https://doi.org/10.1086/342429
https://doi.org/10.4312/dp.51.11
https://doi.org/10.1016/j.jas.2003.12.007
https://doi.org/10.1016/j.jas.2011.06.024
https://doi.org/10.1073/pnas.1305918110
https://doi.org/10.4312/dp.42.13
https://doi.org/10.4312/dp.42.13
https://doi.org/10.1371/journal.pone.0242745
https://doi.org/10.1371/journal.pone.0242745
https://doi.org/10.4312/dp.32.4
https://doi.org/10.1098/rspb.2015.0339
https://doi.org/10.1016/j.jasrep.2020.102529
https://doi.org/10.1016/j.jas.2008.09.034
https://doi.org/10.1016/j.jas.2012.08.024
https://doi.org/10.1017/S0003598X00067442
https://doi.org/10.1016/j.quaint.2020.11.043
https://doi.org/10.1016/j.jasrep.2024.104740
https://doi.org/10.4312/dp.48.18
https://doi.org/10.1371/journal.pone.0197214
https://doi.org/10.1007/s12520-018-0744-1
https://doi.org/10.1016/j.jas.2020.105288
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

60. Longin, R. New method of collagen extraction for radiocarbon dating. Nature 230, 241-242. https://doi.org/10.1038/230241a0
(1971).

61. Miildner, G. & Richards, M. P. Fast or feast: reconstructing diet in later medieval England by stable isotope analysis. J. Archaeol. Sci.
32,39-48. https://doi.org/10.1016/j.jas.2004.05.007 (2005).

62. Paul, D., Skrzypek, G. & Forizs, I. Normalization of measured stable isotopic compositions to isotope reference scales — a review.
Rapid Commun. mass. Spectrometry: RCM. 21, 3006-3014. https://doi.org/10.1002/rcm.3185 (2007).

63. Ambrose, S. H. Isotopic analysis of paleodiets: methodological and interpretative considerations. In Investigations of ancient
human tissue. Chemical analyses in anthropology, (ed Sandford,M. K.) 59-130. (Gordon and Breach, 1993).

64. Guiry, E. J. & Szpak, P. Improved quality control criteria for stable carbon and nitrogen isotope measurements of ancient bone
collagen. J. Archaeol. Sci. 132, 105416. https://doi.org/10.1016/j.jas.2021.105416 (2021).

65. R Core Team. R: A Language and Environment for Statistical (R Foundation for Statistical Computing, 2024).

66. Kiss, T., Hernesz, P, Siimeghy, B., Gyorgyovics, K. & Sipos, G. The evolution of the great Hungarian plain fluvial system - fluvial
processes in a subsiding area from the beginning of the Weichselian. Quatern. Int. 388, 142-155. https://doi.org/10.1016/j.quaint.
2014.05.050 (2015).

67. Jakab, G. et al. Palaeoclimatic signals and anthropogenic disturbances from the peatbog at Nagybarkany (North Hungary). In
Palaeolimnological Proxies as Tools of Environmental Reconstruction in Fresh Water, (eds Buczké, K. et al.) 87-106. (Springer
Netherlands, 2009).

68. Hertelendi, E., Stimegi, P. & Sz66r, G. Geochronologic and paleoclimatic characterization of quaternary sediments in the great
Hungarian Plain. Radiocarbon 34, 833-839. https://doi.org/10.1017/S0033822200064146 (1992).

69. Magyari, E. K. et al. Holocene persistence of wooded steppe in the great Hungarian Plain. J. Biogeogr. 37, 915-935. https://doi.org
/10.1111/j.1365-2699.2009.02261.x (2010).

70. Kercsmar, Z., Budai, T, Csillag, G., Selmeczi, I. & Sztano, O. (eds) Surface Geology of Hungary. Explanatory Notes to the Geological
map of Hungary (1:500 000) (Geological and Geophysical Institute of Hungary, 2015).

71. Timar, G., Stimegi, P. & Horvith, F. Late quaternary dynamics of the Tisza River: evidence of climatic and tectonic controls.
Tectonophysics 410, 97-110. https://doi.org/10.1016/j.tecto.2005.06.010 (2005).

72. Moskal-del Hoyo, M., Litynska-Zajac, M., Raczky, P., Anders, A. & Magyari, E. K. The character of the Atlantic oak woods of the
great Hungarian Plain. Quatern. Int. 463, 337-351. https://doi.org/10.1016/j.quaint.2017.02.029 (2018).

73. Kiss, T., Simeghy, B. & Sipos, G. Late quaternary paleodrainage reconstruction of the Maros River alluvial fan. Geomorphology
204, 49-60. https://doi.org/10.1016/j.geomorph.2013.07.028 (2014).

74. Laborczi, A., Szatmari, G., Takécs, K. & Pasztor, L. Mapping of topsoil texture in Hungary using classification trees. J. Maps. 12,
999-1009. https://doi.org/10.1080/17445647.2015.1113896 (2016).

75. Dobos, E., Micheli, E., Baumgardner, M. E, Biehl, L. & Helt, T. Use of combined digital elevation model and satellite radiometric
data for regional soil mapping. Geoderma 97, 367-391. https://doi.org/10.1016/S0016-7061(00)00046-X (2000).

76. Schofield, R., Thomas, D. S. G. & Kirkby, M. J. Causal processes of soil salinization in Tunisia, Spain and Hungary. Land. Degrad.
Dev. 12, 163-181. https://doi.org/10.1002/1dr.446 (2001).

77. Toth, T, Kuti, L., Kabos, L. & Pésztor, L. Use of Digitalized Hydrogeological maps for evaluation of salt-affected soils of large areas.
Arid Land. Res. Manage. 15, 329-346. https://doi.org/10.1080/153249801753127624 (2001).

78. Madl-Szényi, J., Toth, J. & Pogacsas, G. Soil and wetland salinization in the framework of the Danube-Tisza Interfluve hydrogeologic
type section. Cent. Eur. Geol. 51, 203-217. https://doi.org/10.1556/ceugeol.51.2008.3.3 (2008).

79. Jarvis, A., Reuter, H. I, Nelson, H. I. & Guevara, E. A. Hole-filled SRTM for the globe Version 4. CGIAR-CSI SRTM 90m Database
(2008).

80. Wu, Q. & Brown, A. whitebox: ‘WhiteboxTools’ R Frontend. R package (2022).

81. Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 37,
4302-4315. https://doi.org/10.1002/joc.5086 (2017).

82. Pawley, S. _Rsagacmd: Linking R with the Open-Source SAGA-GIS’ Software_. R package (2023).

83. Hijmans, R.J. terra: Spatial Data Analysis. R package (2023).

84. Fairfield, ]. & Leymarie, P. Drainage networks from grid digital elevation models. Water Resour. Res. 27, 709-717. https://doi.org/
10.1029/90WR02658 (1991).

85. Kassambara, A. & Mundt, E _factoextra: Extract and Visualize the Results of Multivariate Data Analyses_R package, (2020).

86. Maechler, M., Rousseeuw, P,, Struyf, A., Hubert, M. & Hornik, K. cluster: Cluster Analysis Basics and Extensions. R package (2023).

87. Tibshirani, R., Walther, G. & Hastie, T. Estimating the number of clusters in a data set via the gap statistic. J. Royal Stat. Soc. Ser. B:
Stat. Methodol. 63, 411-423. https://doi.org/10.1111/1467-9868.00293 (2001).

Acknowledgements

MK’s research at Basel is funded by the Swiss National Science Foundation (SNSF/SNF): Project EXOCHAINS
- Exploring Holocene Climate Change and Human Innovations across Eurasia (SNSF grant number: TMP-
FP2_217358). EB and KWA received funding from the German Research Foundation (grant number: A1 287/10-
1). MLCD thanks the Danube Private University (Krems, Austria) and the Faculty of History of the Vilnius Uni-
versity (Vilnius, Lithuania) for financial support. We would like to thank our colleagues Marc Fecher, Alexander
Morseburg, Janos Jakucs, Krisztian Oross, Tibor Marton, Anna Kis, Kitti Kohler, Veronika Dolgos, Zsuzsan-
na Zoffmann, Gyula Farkas, Anna Szécsényi-Nagy, Erika Molnar, Gyorgy Palfi, Ivett K6vari, Laszl6 Szatmari,
Anténia Marcsik, Mario Slaus, Gusztdv Mende Baldzs, Brigitta Osz, and Gabor Téth.

Author contributions

M.L.C.D & M.K. conceptualize the study, designed the methodology, performed the formal analysis, and wrote
the initial manuscript. M.L.C.D., M.K,, E.B. & K.W.A. contributed to scientific discussion, reviewed, and ap-
proved the manuscript.

Declarations

Ethics declarations

The archaeological human and animal skeletons used for this study were discovered in the framework of
scientific and rescue excavations carried out by Hungarian Archaeological units and universities. Access to
the skeletal material was provided by the institutions listed in the Supplementary table S1, sheet “E_Storage
institutions” in the controlled framework of the German Research Foundation (DFG), grant number Al
287/10— 1. The sampling strategy was adapted to preserve the skeletal material as much as possible and

Scientific Reports | (2025) 15:4281 | https://doi.org/10.1038/s41598-025-88541-z nature portfolio


https://doi.org/10.1038/230241a0
https://doi.org/10.1016/j.jas.2004.05.007
https://doi.org/10.1002/rcm.3185
https://doi.org/10.1016/j.jas.2021.105416
https://doi.org/10.1016/j.quaint.2014.05.050
https://doi.org/10.1016/j.quaint.2014.05.050
https://doi.org/10.1017/S0033822200064146
https://doi.org/10.1111/j.1365-2699.2009.02261.x
https://doi.org/10.1111/j.1365-2699.2009.02261.x
https://doi.org/10.1016/j.tecto.2005.06.010
https://doi.org/10.1016/j.quaint.2017.02.029
https://doi.org/10.1016/j.geomorph.2013.07.028
https://doi.org/10.1080/17445647.2015.1113896
https://doi.org/10.1016/S0016-7061(00)00046-X
https://doi.org/10.1002/ldr.446
https://doi.org/10.1080/153249801753127624
https://doi.org/10.1556/ceugeol.51.2008.3.3
https://doi.org/10.1002/joc.5086
https://doi.org/10.1029/90WR02658
https://doi.org/10.1029/90WR02658
https://doi.org/10.1111/1467-9868.00293
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

followed established procedures as described in the Methods section, which are in accordance with relevant
guidelines and regulations. Since this study did not involve experiments on live vertebrates, it did not require
approval from an institutional animal care and use committee (IACUC) or a similar licensing body. The
ARRIVE guidelines are therefore not applicable. No living relatives are known for these 8000-to-4500-years-
old archaeological communities and no ethical issues exist related to excavation, conservation, analysis, and
publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-88541-z.

Correspondence and requests for materials should be addressed to M.L.C.D. or M.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:4281 | https://doi.org/10.1038/s41598-025-88541-z nature portfolio


https://doi.org/10.1038/s41598-025-88541-z
https://doi.org/10.1038/s41598-025-88541-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Cultural diversity shaped neolithic subsistence in the Carpathian Basin
	﻿Results
	﻿Fauna
	﻿Humans
	﻿Human-fauna-offset
	﻿Environmental clusters

	﻿Discussion
	﻿Diachronic dynamics in subsistence strategies
	﻿Cultural diversity
	﻿Environmental and climatic diversity

	﻿Methods
	﻿Human bone collagen
	﻿Animal bone collagen
	﻿Stable isotope analyses
	﻿Offset and statistical analyses
	﻿Environmental settings in the study area
	﻿Environmental conditional model

	﻿References


