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Biomolecular evidence for changing
millet reliance in Late Bronze Age
central Germany

Eleftheria Orfanou™23", Barbara Zach?3*, Adam B. Rohrlach®*, Florian N. Schneider?,
Enrico Paust?, Mary Lucas?®, Taylor Hermes'7, Jana ligner?, Erin Scott?, Peter Ettel?,
Wolfgang Haak?, Robert Spengler?“ & Patrick Roberts?®°*

The Bronze Age of Central Europe was a period of major social, economic, political and ideological
change. The arrival of millet is often seen as part of wider Bronze Age connectivity, yet understanding
of the subsistence regimes underpinning this dynamic period remains poor for this region, in large part
due to a dominance of cremation funerary rites, which hinder biomolecular studies. Here, we apply
stable isotope analysis, radiocarbon dating and archaeobotanical analysis to two Late Bronze Age
(LBA) sites, Esperstedt and Kuckenburg, in central Germany, where human remains were inhumed
rather than cremated. We find that people buried at these sites did not consume millet before the
Middle Bronze Age (MBA) (ca. 1600 BCE). However, by the early LBA (ca. 1300-1050 BCE) people
consumed millet, often in substantial quantities. This consumption appears to have subsequently
diminished or ceased around 1050-800 BCE, despite charred millet grains still being found in the
archaeological deposits from this period. The arrival of millet in this region, followed by a surge in
consumption spanning two centuries, indicates a complex interplay of cultural and economic factors,
as well as a potential use of millet to buffer changes in aridity in a region increasingly prone to crop
failure in the face of climate change today.

The Bronze Age in Central Europe (ca. 2300 to 800 BCE) is characterized by increasing social complexity and
cultural connectivity, as well as social, ideological, political, and economic change”. During this period, metal-
lurgy became well-established and the use of bronze and other metals became widespread®. Since these metals
were not always locally available, extensive trade networks were established®. Alongside these processes, during
the Late Bronze Age (LBA) (ca. 1300 to 800 BCE), there was a change in burial practices, from inhumation to
cremation, likely marking a shift in ideology and/or in practical considerations®. Despite these broader social
changes, our understanding of agricultural developments over this time period remains limited for many parts
of Central Europe.

The environments of temperate Europe are dominated by wild C; vegetation, from forests and woodlands to
temperate grasslands”®. The crops that arrived in this part of the world during the Neolithic (ca. 5500 to 2300
BCE), including wheat and barley, were also C; crops. Such plants are seen as being well-adapted to the wet
and cool climate®!!. Archaeobotanical studies have demonstrated that broomcorn millet (Panicum miliaceum)
dispersed into Europe from northeast China by the middle of the 2nd millennium BCE'*"!, adding to the estab-
lished food production systems based on wild and domesticated (e.g., barley, wheat) plants and animals. Many
archaeologists have pointed out that the drought resistance and relative ease of cultivation of this crop may have
facilitated its rapid dispersal and adoption across Eurasia'”'%. Millet is a C, plant, and therefore demonstrates an
advantage in arid and warm conditions. Furthermore, millet has a short growing period (around three months
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in Central Europe), high yield, and is suitable for long-term storage, making it an ideal crop for diverse socio-
economic systems and dynamic environmental conditions'®-%°.

In this paper, we take an interdisciplinary approach, looking at human and animal diets, as well as botanical
evidence, in order to determine the extent of the incorporation of this crop into subsistence strategies and its
role within socioeconomic adaptations more broadly. Stable isotope analysis of human remains, in particular,
enables direct assessment of individual and group reliance on C; versus C, plants, as well as the degree of meat
and aquatic resource consumption®' 2. Stable carbon isotope values (§'*C) vary in plants following different (C,
and C,) photosynthetic pathways, since they fractionate the two stable isotopes of carbon differently. This leads
to distinct, non-overlapping ranges of §'*C values. C; plants exhibit a range of — 35 to — 20%0°**, while C, plants
range from — 14 to — 9%0%>?°. These differences in §'°C values are reflected in the tissues of consumers, but with
a trophic effect of 1-2%o, allowing some estimation of the importance of these different resources in the food
chain?*. On the other hand, stable nitrogen isotope ratios (§'°N) are associated with feeding behaviour (e.g.,
trophic level) and environmental factors that shape the organism’s physiology***.

In Europe, the early use of millet has been demonstrated through stable isotope analysis in certain regions
and time periods. Studies have shown millet use during the MBA and LBA in Poland and western Ukraine®?,
as well as in northern Germany??, Croatia®, Iberia®*, Italy®®, and Greece®®. Stable isotope studies have also been
used to trace the routes of millet dispersal across Central Eurasia'®¥->°, Most of the above studies focus on the
earlier phase of the LBA (ca. 1300-1050 BCE), however, with few results (e.g.,*!) concerning the later phase
(ca. 1050-800 BCE). Millet seeds have been identified in various LBA sites in central Germany*’, which could
indicate the presence of the crop in the region during that period. However, there is a lack of stable isotope
studies in central Germany during the LBA, in large part due to the shift to the mortuary practice of cremation,
since collagen does not survive the high temperatures generated during the cremation process, making past diet
reconstruction impossible*!.

In this study, we apply stable isotope analysis to human (rn =53) and animal (n=22) remains from the archaeo-
logical sites of Esperstedt and Kuckenburg in Saxony-Anhalt, central Germany (Fig. 1). New radiocarbon dates
and archaeobotanical information is used to contextualise the data. Esperstedt and Kuckenburg are both multi-
period sites with non-continuous occupations spanning from the mid-4th millennium BCE to the early Middle
Ages (eighth—eleventh century AD). Here we focus on the LBA (phase Bz D (1300-1200 BCE), Ha A (1200-1050
BCE) and Ha B (1050-800 BCE)) occupation periods, which for the purpose of this study are divided into early
LBA (Bz D and Ha A) and late LBA (Ha B), and compare these with previous periods in order to study changes
through time. Esperstedt comprises a LBA graveyard and a LBA settlement, whereas Kuckenburg is a LBA hilltop
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Figure 1. Location of archaeological sites. (a) Location of Kuckenburg and Esperstedt within Saxony—Anhalt
in central Germany. (b) Excavation map of the two archaeological sites, demonstrating the hilltop settlement of
Kuckenburg and the settlement and graveyard of Esperstedt. Maps of (a) and (b) were generated using QGIS
software (v3.12.2-Bucuresti https://qgis.org/). The original base maps were extracted from (a) the SRTM Data
web site (https://srtm.csi.cgiar.org/srtmdata/) and (b) © GeoBasis-DE / LVerm-Geo ST, 2017, 167 (www.govda
ta.de/dl-de/by-2-0).
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settlement. These two sites are located in close proximity to each other (<2 km) (Fig. 1). The LBA individuals
from the sites belong to the Unstrut cultural group (1325-750 BCE), named after the main river flowing by their
settlement. A series of archaeological features distinguish the Kuckenburg/Esperstedt micro-region as particu-
larly favourable for osteoarchaeological and biomolecular research. Notably, both sites have yielded inhumation
burials, something also characteristic in the Thuringian Basin ("Thiiringer Becken") but very rare for the LBA in
Central Europe more generally, which is primarily characterized by cremation burials*2. Not only that, but these
inhumations are also found in settlement contexts. Although settlement burials have also been identified in the
Saale-Unstrut-Triasland in the southern part of Saxony-Anhalt*’, the fact that there are two different kinds of
settlements with human depositions (i.e., a hilltop settlement—Kuckenburg and an open settlement—Esper-
stedt) and a graveyard (Esperstedt) makes the Kuckenburg/Esperstedt micro-region almost unique in the LBA
of Central Europe. Ongoing excavations at Kuckenburg and further research on the materials from Esperstedt
are expected to contribute to our understanding of the factors behind the characteristics of this micro-region.

Results

%4C dating

Out of the 53 human individuals from Kuckenburg and Esperstedt, 45 were directly dated and 39 have been
attributed to the Bronze Age (Supplementary Table 1 (S1)). More specifically, five of these dates range between
2293 and 1751 cal. BCE, corresponding to the EBA and the Unétice culture. Additionally, 13 dates fall between
1406 and 1055 cal. BCE, representing the early phase of the LBA. The remaining 22 dates span from 1041 to
766 cal. BCE, aligning with the later phase of the LBA. Of the remaining five individuals, two were dated to the
Middle Neolithic (MN) (3640-3022 cal. BCE) and three to the Final Neolithic (FN) (2875-2235 cal. BCE). For
the eight directly dated animal remains, the dates obtained fall between 1434 and 766 cal. BCE, providing further
support for the archaeological dating of these features as belonging to the LBA. Finally, the five dated millet seeds
range from 1366 to 820 cal. BCE. Among these, three charred millet seeds date back to the early LBA, with dates
ranging from 1366 to 1054 cal. BCE. The remaining two charred millet seeds can be attributed to the later phase
of the LBA, with dates falling between 1006 and 820 cal. BCE.

813C and 8N diet isotope analysis of bone collagen and §'3C from tooth enamel

We were able to successfully extract good-quality collagen from all samples, as indicated by their C:N elemental
ratio values, weight percent of carbon (% C), nitrogen (% N), and percent collagen yield**-*. The §"*C and §'°N
measurements for the analysed individuals are provided in Supplementary Table 2 (S2) and shown in Fig. 2.

At Kuckenburg, the 22 analysed individuals had §°C collagen values ranging between —21.4%o and -16.9%o
(mean=-19.7%o + 1.1), while the range of their §'°N values was from 6.9 to 13.3 %o (mean=9.5 %o * 1.4)
(Fig. 2a). The 8"3C and 8"N values for the six herbivore samples (cattle, sheep/goat, and horse) range from —24.5
to—21.9%o (mean=—23%o+0.9) and from 1.7 to 8.8 %o (mean=6.5%o * 2.7), respectively. The three omnivore
samples (pig) have 8°C and 8'°N values ranging from —23.8 to —22.8 %o (mean=—23.2%o0+0.5) and from 6.5 to
7.0%o0 (mean=6.7%o +0.2), respectively. The dog had a §'*C value of — 21.0%o and a 8"°N value of 8.8%o (Fig. 2a).

At Esperstedt, the 31 analysed individuals had §'*C values ranging between -20.3 %o and -14.0 %o
(mean=—17.2 %o +2.1), with §"°N values ranging from 7.7 %o to 11.9 %o (mean=10.3 %o+ 0.8) (Fig. 2b). The §'*C
and 8'°N measurements for the 9 herbivore samples (cattle, sheep/goat, and horse) range from —21.2 to -19.9 %o
(mean=-20.4 %0+0.5) and from 6.3 to 8 %o (mean =7.3 %o £ 0.5), respectively. The two omnivore samples (pig)
have §°C and 8"°N measurements ranging from —20.4 to — 19.9 %o (mean = —20.2 %o +0.3) and from 7.7 to 7.8
%o (mean =7.8 %o+ 0.0), respectively. The dog had a §"*C value of —14.8 %o and a §"°N value of 9.6 %o (Fig. 2b).

In Fig. 2a,b, we observe a clear shift of the 813C values of the ancient individuals between time periods. Indi-
viduals from the early phase of the LBA (n=20) show values from —19.4 to —14.0 %o (mean=—15.8 %o+ 1.2),
while individuals from all the other time periods (n=33) show values from —21.4 to—17.5 %o (mean=-19.7
%o+ 0.8). The 8'°N values between these time periods range from 7.7 to 11.3 %o (mean=10.2 %o0+0.7) in the
early phase of the LBA to §"°N values from 6.9 to 13.3 %o (mean = 9.9 %o + 1.3) for all the other periods.

We conducted Kruskal-Wallis rank sum tests*® to examine if the differences in §'*C and 8"°N values between
the time periods are statistically significant. The tests revealed a significant difference in both §"*C (Kruskal-Wal-
lis chi-squared =36.871, df=4, p=1.915e-07) and §'°N (Kruskal-Wallis chi-squared =16.353, df=4, p=0.00258)
values, between time periods. In order to examine where the differences lie, we performed post hoc Dunn’s tests
to examine pairwise comparisons of §'*C and 8"°N values among the time periods and used the Bonferroni
adjustment to correct for multiple comparisons*’. The results of the Dunn’s tests for the §'*C values indicated sig-
nificant differences between the following pairs (adjusted p-values): EBA—early LBA (Z=-3.655, p=0.002), early
LBA—late LBA (Z=4.843, p=0.00001), early LBA—FN (Z=3.019, p=0.025), and early LBA—MN (Z=3.914,
p=0.001). The results of Dunn’s tests for the §'°N values indicated significant differences between the following
pairs (adjusted p-values): EBA—late LBA (Z=3.709, p=0.002). Detailed results can be found in Supplementary
Table 3 (S3).

A correlation test using the Spearman coeflicient indicated no significant correlation between §'°C and §'°N
for the late LBA individuals from Kuckenburg (p=0.25, p=0.316). Furthermore, a correlation test using the
Spearman coeflicient indicated no significant correlation between §"°C and §"°N in the early LBA individuals
from Esperstedt (p=0.056, p=0.817) (Supplementary Table 3 (S3)).

Following previous isotope studies in the region (e.g.,'**”), we set a §'*C collagen value of — 18 %o as a thresh-
old for increased consumption of C, plants in Europe (Figs. 2 and 3). Consequently, values higher than—18
%o indicate the consumption of a mixed C;/C, diet and a medium consumption of millet, while values higher
than — 12 %o correspond to a diet predominantly based on C, plants'**!. Figure 3 depicts the differences in
813C values (from collagen and tooth enamel) among time periods based on direct radiocarbon dates. Here, we
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Figure 2. Comparison of 8"°C and 8'°N values from bone collagen for ancient individuals and fauna from
Kuckenburg and Esperstedt. The dashed line represents millet’s “threshold” of §"*C=-18 %o'**. (a) "*C and
81N values for Kuckenburg individuals and fauna. (b) 8"*C and 8"°N values for Esperstedt individuals and
fauna. Wheat icon (left) was created by Oleksandr Panasovskyi from Noun Project (CC BY 3.0), https://theno
unproject.com/browse/icons/term/wheat/. Millet icon (right) was created by Roman from Noun Project (CC BY
3.0), https://thenounproject.com/browse/icons/term/millet/.
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Figure 3. Comparison of §"°C human values from bone collagen and tooth enamel over time. The §">C values
are plotted against “C calibrated dates (median) for ancient individuals from Kuckenburg and Esperstedt over/
across a time transect including MN, FN, EBA, and LBA individuals. (a) §"*C values from bone collagen plotted
against C calibrated dates (median). The dashed line represents a “threshold” of —18 %o'**". (b) §'*C values
from tooth enamel plotted against C calibrated dates (median).
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observe that individuals from the MN, FN, EBA and late phase of LBA were consuming a C; based diet, while
individuals from the early phase of the LBA were consuming C, plants as well, as indicated by their §'*C values.

We also conducted 8'°C,, on the enamel of both our human individuals and available fauna to complement
the protein-biased bone collagen values with §'*C,,, measurements of the 'whole diet’?®. This approach allows us
to gain a more comprehensive understanding of the dietary habits of the ancient population. Teeth predominantly
reflect dietary patterns during childhood and adolescence, whereas bones offer insights into dietary practices
approximately during the last 10 to 25 years (depending on specific bone remodelling rate) preceding an indi-
vidual’s death®*->2 By considering both dental and bone isotopic data, we can also better discern the long-term
dietary trends and behaviours of the studied individuals.

The 8°C,, values of the animal samples (n=6) from the later phase of the LBA in Kuckenburg vary
between—17.2 and - 9.5 %o (mean =—12.9 %o + 3). Specifically, the §°C,,, values for sheep/goats (n=3) range
from—15.7 to - 11.2 %o (mean =—13.2%o +2.3). For cattle (n=2), we observe a range from - 17.2 to — 10.9%o
(mean = — 14 %o £ 4.5). One hamster sample has a §"°C value of — 9.5 %o. At Kuckenburg, the analysed human
individuals (n=17) had 8"°C,, values ranging between — 13.3 %o and — 10.2 %o (mean=—11.6 %o+ 0.8). At Esper-
stedt, the analysed individuals (n=16) had §°C,, values ranging between — 13.9 %o and — 5.2 %o (mean=—10.2
%o +2.9). All available §"*C,, measurements from tooth enamel of the individuals analysed are shown in Sup-
plementary Table 2 (S2) and plotted in Fig. 3b.

We also conducted Kruskal-Wallis rank sum tests to examine if the differences in §'°C human enamel
values between the time periods are statistically significant. The tests revealed a significant difference in §"°C
(Kruskal-Wallis chi-squared =15.532, df =3, p=0.001) between time periods. The results of the Dunn’s tests for
the 8'*C values indicated again significant differences between the following pairs (adjusted p-values): EBA—early
LBA (Z=-3.601, p=0.002), early LBA—late LBA (Z=2.957, p=0.02), and early LBA—FN (Z=2.713, p=0.04)
(Supplementary Table 3 (S3)).

Archaeobotany

More than 200 sediment samples were collected for macrobotanical investigations during the excavations since
2007. Of the 87 processed samples, 19 contain grains from millet. For radiocarbon dating, seeds of Panicum
miliaceum from five of these samples were selected coming from five different excavation pits; two of which
bisected a ditch (feature 1/2019). The millet grains from those two pits are around 200 to 300 years younger
(ranging between 1006 and 820 cal. BCE) than those of the other samples (ranging between 1366 and 1054 cal.
BCE, Supplementary Table 1 (S1)). In one of the two pits, which also held a burial, a sample of 2.3 L contained
only a single millet grain together with three einkorn grains (Triticum monococcum). The other sample (5.1 L),
held a millet grain that we dated to be slightly older. The latter sample also contained chaff from three more
cereal species, hulled barley (Hordeum vulgare var vulgare), einkorn, and spelt (Triticum aestivum ssp. spelta),
as well as lentils (Lens culinaris). Free-threshing bread wheat (Triticum aestivum) and emmer (Triticum dicoc-
cum) only occur in one of the pits outside the ditch together again with barley, einkorn, spelt, and lentils. The
only identified crop with oil-producing seeds is gold of pleasure (Camelina sativa), present in the sample from
the pit with the burial and in one of the pits from outside the ditch. Broomcorn millet grains were discovered in
sediments spanning the time period indicated by the radiocarbon data. Whether the difference in the spectrum
of cereal species through time shows any modification must be determined through the ongoing research and
analysis of more samples.

Discussion

During the LBA in central Germany, changes occurred not only in burial customs and various aspects of daily
life (e.g., intensified trade) but also in agricultural practices and culinary traditions®. In our study, we observe
a shift from cultivating and consuming exclusively C; plants, such as wheat and barley, to the inclusion of a new
crop, broomcorn millet, in the agricultural repertoire. Specifically, at the site of Esperstedt, §13C values higher
than — 18 %o correspond to the earlier phase of the LBA (ca. 1300-1050 cal. BCE) and they are indicative of the
inclusion of C, plants in the diet>. At Kuckenburg, the same applies to one sampled individual (BEE.36) from
the early phase of the LBA. The range of the human §'°N values is indicative of an omnivorous human diet and
the human-domesticated fauna offset, ANy ¢=2.5 %o, is slightly lower than the typical 3-5 %o°'.

At Kuckenburg, the following exceptions should be noted: One individual (KUC008) with a lower §'°N value
of 6.9 %o might have consumed less animal protein in their diet compared to the other individuals. Meanwhile,
the individual (KUCO019) with the higher value §'°N of 13.3 %o is an infant and this value might be indicative of
breastfeeding, a period when we would expect the infant’s tissues to have elevated values™. The elevated §"*C val-
ues observed in the early LBA individuals could also possibly be interpreted as the consumption of freshwater
fish, since they would have been available, as both sites are near the Weida stream (Fig. 1b). However, Eurasian
lacustrine fish tend to have lower §'*C values than the observed values™. In addition, we did not observe a sig-
nificant correlation between §°C and 8'°N values, as might be expected if changes in §'*C were linked to aquatic
input. If people were consuming freshwater fish, we would expect their 8'°N values to be much higher (§°N > 12
%0)>**”, and possibly find some fish bones in the soil (although this is rare in dry soils), which so far is not the
case, despite using flotation devices during the excavation.

For reasons that are unclear, people buried at these two sites ceased millet consumption around 1050 BCE.
Specifically, we observe that the 8*C range in the hilltop settlement of Kuckenburg during the late phase of the
LBA is primarily indicative of a C;-based diet, with the exception of only one individual (KUC012) who seems
to have consumed small amounts of millet (§"*C=-17.5 %o). The range of the '°N values is consistent with a
typical omnivorous human diet. Two individuals from the later phase of the LBA Esperstedt settlement site show
lower values than — 18 %o (i.e., ESP036 =—18.7 %o and ESP041 =—19.1 %o), which suggests the consumption of
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entirely C; resources. A gradual phasing out of millet could potentially be supported by the individual KUC012.
This individual may represent the transition from the consumption of millet to the cessation of this consump-
tion, since these lower values could indicate dietary changes away from millet in the last few years before he
died. A comparable trend of diminishing millet consumption was observed in Poland in the study of Pospieszny
etal. (2021). Notably, the only late LBA individuals from Poland (mk83 and mk84) exhibited values suggestive
of reduced millet intake (mk83: §'*C=-17.8 %o and mk84: §'*C=-17.6 %o)’!. Animals from both the early
and late phases of the LBA at both sites do not appear to have been consuming millet or any other kind of C,
vegetation, except for a dog at Esperstedt showing a §"*C value of — 14.8 %o. This finding is consistent with the
premise that dogs typically share a diet similar to that of humans, often scavenging or being fed food scraps by
their owners®***. The §°C range observed in the domesticated animals suggests their diet comprised wild C,
plants or fodder derived from C; crops. The AN, ; offset in the human-domestic fauna, at 3 %o, aligns with a
typical predator—prey relationship'. No clear C, signal is evident in the animals. However, a comparison between
the animals from Esperstedt and Kuckenburg reveals a slightly different picture. We observe lower 8'*C values
in the Kuckenburg animals by about 3 %o (Fig. 2). This shift suggests that the animal fodder in Esperstedt may
have included some millet, which would parallel the human diets at the site. Alternatively, it could signify that
Esperstedt animals grazed on drier pastures than those from Kuckenburg, resulting in higher 8§"°C values within
the C; space, or wild C, plants. At the same time, it is possible that herding practices for the Kuckenburg animals
included graze in undergrowth from forested areas, which is typically characterized by lower 8"*C values than
open pastures®®®!. However, given the apparent importance of millet at Esperstedt during the early LBA, it is
plausible that millet fodder also played a role.

In the Mittelelbe-Saale region of central Germany, where the Esperstedt and Kuckenburg sites are located,
millet has been discovered in sediments dated to the LBA in various forms, such as isolated seeds, charred grain
lumps, and directly-dated mass findings*’. The majority of the radiocarbon dates obtained from seeds fall within
1300-1100 BCE, with only one site providing evidence for a later occurrence (1000-800 BCE). A comprehensive
diachronic study of the Mittelelbe-Saale region conducted by Miinster and colleagues® investigated the dietary
habits of people across a span of 4000 years, ranging from the Early Neolithic to the Early Bronze Age (EBA) (ca.
5500-1550 BCE). This study also provided dietary insights for Esperstedt, and revealed consistent consumption
of C; plants throughout the examined chronology, while no consumption of C, plants was identified. Neverthe-
less, the temporal scope of Miinster et al’s study only extends up to the EBA, leaving a temporal gap during the
LBA. Our data therefore provide new insights into the tempo of millet adoption and, particularly, its importance
to diets and human economies during the LBA period. This provides new insights into the variability of Central
European dietary strategies at this time. It is less clear when the consumption of millet in the wider region started.
From our dataset, the latest dates for an absence of millet consumption come from late EBA contexts, dating to
ca. 1800-1750 BCE, while the first attested date of possible millet consumption is ca. 1400 BCE. We then observe
a cessation of consumption of millet around 1050 BCE. This leaves a wide window of several centuries and thus a
multitude of factors that may explain these shifts, such as changes in trade networks, population growth, changes
in cultural preferences, and climate variability.

Although it might seem relatively short from the perspective of prehistory, 250 years of intensive millet con-
sumption (i.e., 1300-1050 BCE) would have represented about 8-9 generations“,—a considerable time frame
in the life of prehistoric communities. Food, beyond its nutritional role, serves as a nexus for numerous cultural
and social processes, shaping identity, creating and maintaining collective memories, and influencing societal
dynamics®. Eating habits sustain a sense of identity and community during challenging times and embody
practical knowledge of how individuals interact with their environment®*. Economic considerations, including
availability, convenience, yield, access, and environmental conditions can influence the choice of crops and of
agricultural practices. However, the acceptance or rejection of specific foods (or crops) by individuals or com-
munities, is the result of the entanglement of economic with cultural and social factors (e.g., taste preferences,
tradition, memory, emotions, social position, etc.)5¢57,

The processes behind the spread of new foodstuffs are debated in archaeology, often focusing on demographic
spread bringing new cultural and economic preferences versus active adoption by resident communities®®~"". The
archaeological situation of Kuckenburg and Esperstedt provides an interesting case in this regard. On the one
hand, some cremations in the Esperstedt graveyard perhaps point to a possible influence from nearby cultural
groups (for example the Saalemiindungsgruppe), where cremations are the predominant burial form/type”*74.
However, further research is necessary to assess the chronology of these cremations as well as any potential link
to other communities. On the other hand, overall, Kuckenburg and Esperstedt show a number of unique features
in terms of burials including inhumations in both open and hilltop settlement contexts, special treatment of
isolated body parts (e.g., skull depositions) in some cases, and, in Esperstedt, an absence of the use of stone cists
seen in the nearby Saalemiindungsgruppe’>’ (see Supplementary Text 1 and 2 for more details).

Based on the existing archaeological contextual information, it is therefore likely that changes in crop use
and economy reflect the local navigation of particular economic, cultural and environmental conditions. In
particular, we propose that climatic fluctuations could also have impacted the availability and productivity of
certain crops, shaping economic focus on millet in Central Europe, especially since millet is more resistant to
periods of lower precipitation and provides a higher yield in unfavourable climatic conditions. While specific
paleoclimatic records for the area of interest are lacking, evidence from the broader region supports the presence
of climatic shifts. Pollen records from Germany indicate climate changes around 1500 BCE, which continued
until approximately 500 BCE, characterized by decreasing precipitation, lower winter temperatures, and fluc-
tuating summer temperatures”. The start of this arid period coincides with the time when millet consumption
emerged in our dataset (ca. 1400 BCE). Additionally, a period of rapid climate change around 1450-450 BCE,
characterized by polar cooling, tropical aridity, and major atmospheric circulation changes, has been identified
in globally distributed paleoclimate records’®. Moreover, the 3.2 ka BP event, which affected the Mediterranean
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region”’”%, might have also affected Central Europe’®#°. There is evidence from many regions in Europe (Ireland,

Britain, Nordic area, Carpathian Basin, the Po Valley and the Aegean region) of a period of increased aridity
between 1200 and 900 BCE. Increasing aridity and temperatures had started in certain areas (e.g., Pannonian
plain, Po Valley) from 1400 BCE onwards®'-*, peaking around 1250 BCE.

The sites discussed here are situated in the central German dry area ("Mitteldeutsches Trockengebiet") in
the rain shadow of the Harz Mountains, with annual precipitation ranging from 460 to 550 mm, the lowest in
Germany**%4, making conditions not only vulnerable to any changes in the length or intensity of the dry season,
but also favourable for cultivating drought-tolerant crops like millet. If indeed there was a period of increased
aridity in the area, the local population may have adapted to the new conditions and modified certain practices
to ensure survival. Periods of increased aridity have been documented in Central Europe throughout history3>%
and more recently?’ ¥, resulting in numerous challenges including diminished yields of crops with lower toler-
ance to such adverse conditions. Given the exceptional resilience of millet, the introduction of millet as a backup
plant or an additional harvest to complement wheat and barley during challenging environmental circumstances
is possible. Although located at some geographic and temporal distance from the present study, a similar argu-
ment has been made in the context of the introduction of millet and more diverse land use in northern Italy
between the Roman and Late Antiquity and the Medieval periods®. Thus, millet could have played a crucial
role in sustaining communities during critical times, which might have returned to traditional practices when
conditions returned to a cooler and wetter climate.

More local, palaecoenvironmental studies, as well as detailed records of agronomic activities through time,
and further archaeological research are required from the Kuckenburg/Esperstedt micro-region, as well as the
wider region, to determine the validity of this comparison. Meanwhile, aDNA and strontium isotope approaches
can provide more direct insights as to whether the economic and limited burial changes are linked to population
movements® = 1t is likely that the adoption, utilisation, and eventual abandonment of millet, and its relationship
to climatic changes, was mediated by a combination of factors, including climatic shifts, extensive trade networks,
and cultural and social influences. Nevertheless, our study provides valuable insights into long-term adaptive
plasticity by agricultural societies facing changeable environmental conditions. By studying how past societies
responded to environmental changes and climatic threats, we can offer guidance and examples for present-day
actions, especially in light of the current challenges posed by climate change and increasing natural disasters®>®4.
Notably, in recognition of climate change challenges, millet is now being acknowledged as an essential compo-
nent to enhance global food security in various regions worldwide, including Germany®>®. More specifically, in
Saxony-Anhalt and Bavaria, farmers are experimenting with the cultivation of millet as a supplementary crop,
in response to the recent surge in high temperatures during summers®”?. Furthermore, in a significant move,
the United Nations General Assembly declared 2023 as the International Year of Millets. This declaration aims to
draw attention to the nutritional and health benefits of millets, as well as their adaptability for cultivation under
adverse and fluctuating climatic conditions. The initiative seeks to promote the sustainable use and cultivation
of millets as a key strategy to address food security and nutrition challenges in the face of a changing climate.

Materials and methods

Overview

We performed stable carbon (8"°C) and nitrogen (8'°N) isotope analysis of bone collagen on 53 individuals (3
from the MN, 3 from the FN, 5 from the EBA, and 42 from the LBA) from the two studied sites to reconstruct
their dietary practices. Specifically, we analysed 22 individuals from the site of Kuckenburg (i.e., 3 MN and
19 LBA) and 31 individuals from the site of Esperstedt (i.e., 3 FN, 5 EBA and 23 LBA). Stable carbon (§"*C,,)
analysis of tooth enamel was also performed on individuals with available teeth (n=33) to better understand
the dietary patterns of EBA and LBA individuals. Faunal skeletal remains were also analysed representing cat-
tle, pigs, horses, sheep/goats, and dogs from the same period and context as the human individuals to explore
the isotopic variation of dietary sources and whether managed animals had consumed C, plants. Taxonomic
identifications of the faunal remains were based on skeletal morphology®. We also performed archaeobotanical
analysis on five charred broomcorn millet seeds. Finally, we obtained 57 new radiocarbon dates from humans,
fauna, and millet seeds.

Osteoarchaeology

The recommendations of the Society of European Anthropologists served as the basis for estimating the age
and sex of the skeletons!®. Sex determination relied on morphological criteria involving the skull, pelvis, and
long bones!-1%%, Age estimation involved assessing surface changes of the symphysialis ossis pubis'®-17, the
extent of cranial suture obliteration'®, tooth abrasion'®-'"!, and epiphyseal closure in long bones, clavicle, and
pelvis''®12 Subadult individuals’ ages were estimated based on tooth development and eruption status'®, as well
as the length of their long bones!!>!!?, Age classification followed R. Martin’s levels''*. Male skeleton height was
estimated using E. Breitinger’s formula''’, while female skeleton height was determined according to H. Bach’s
method!'®. Dental status was documented using a dental diagram and the corresponding dental code!'”!13, fol-
lowing the Federation Dentaire International system for tooth naming. Under this system, each tooth in both the
primary and secondary dentitions is assigned two distinct numbers. The first number designates the quadrant
in which the tooth is situated, while the second specifies the precise position of the tooth within that quadrant.
Pathological alterations, epigenetic features, and any distinctive features were documented, and comprehensive
measurements and indices were collected from the skulls and long bones of adult individuals whenever possible.
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14C dating
Human and animal samples (ca. 1 g of bone) were sent to Curt-Engelhorn-Center Archaecometry gGmbH in
Mannheim, Germany for direct radiocarbon dating to establish a chronology for the different dietary patterns.
Specifically, 22 individuals from Kuckenburg and 22 individuals from Esperstedt were directly dated. In addition,
8 animals from features of interest were dated to confirm the archaeological assignment to the LBA. Finally, 5
charred broomcorn millet seeds from Kuckenburg were sent to NOSAMS, the National Ocean Sciences Accelera-
tor Mass Spectrometry Facility at the Woods Hole Oceanographic Institution (WHOI) to confirm they belong
to the LBA and that they are not a later intrusion caused by the movement of insects or animals. After being
washed with water in the archaeobotany lab, the seeds undergo a series of acid-base-acid leaches designed to
remove inorganic carbon and/or base-soluble organic acids that may have originated from surrounding sedi-
ments prior to combustion and may contaminate the sample with carbon of a different age at the National Ocean
Sciences Accelerator Mass Spectrometry Laboratory (after the Sample Preparation Protocol from NOSAMS
Facility (https://www2.whoi.edu/site/nosams/resources/methods/).

For the collagen extraction from the bone samples the lab used the modified Longin method, and the collagen
was purified by ultrafiltration (fraction > 30kD) and freeze-dried.

The dates were already calibrated when received with OxCal 4.4'" using the IntCal 20 curve'?. The C/N,iomic
ratios stay within the 2.9-3.6 range indicating good quality collagen***® (see Supplementary Table 1 (S1) for
detailed information of all the dates). All calibrated dates are reported in the text as 95.4% (20) probability ranges.

Archaeobotany

The flotation of samples and the archaeobotanical analysis were conducted at the Archaeobotanik Labor Zach,
Bernbeuren, Bavaria. The laboratory provides specialist archaeobotanical services for Germany and beyond
and has a comprehensive modern reference collection of Middle European seeds and an extensive library. The
flotation technique for archaeobotanical samples followed a standardised protocol in which the material is dis-
solved and washed in water. Floating organic material is collected in sieves with the minimum mesh width of
0.2 mm. The charred, dried, so-called light fraction is then analysed under a microscope (Leica S9i) with 6 x to
50 x magnification.

Stable isotope analysis

Diet isotopes—collagen (6"C and 6"°N) and enamel (6"°C)

In this study, we sampled ribs, unless unavailable, for bulk bone collagen stable isotope analysis to obtain a
dietary signal representing roughly the last 10 years of life!?!. For the stable isotope analysis of tooth enamel we
sampled premolars, first molars, second molars, and third molars, representing ages from early childhood to
adolescence'?. All steps necessary for these analyses (e.g., collagen extraction, determination of stable carbon
and nitrogen isotope ratios, pre-treatment of enamel, stable carbon isotopic composition measurement) took
place at the Max Planck Institute of Geoanthropology in Jena, Germany following published protocols®”!* (also
see Supplementary Text 3: Methods for more details).

Statistical analyses

We applied Levene’s test for the equality of variance in §'°C and 8"°N between time periods at each site, and we
used the Shapiro-Wilk test'** to assess normality. We performed Kruskal -Wallis tests*® to determine if there were
significant differences when three or more groups were compared (e.g., different time periods). These tests were
chosen to effectively handle the different sample sizes for each time period, to compare the distributions across
multiple periods and to account for the non-normality of our data. In order to identify the specific locations of
the observed differences among the time periods, we conducted pairwise comparisons using the non-parametric
post-hoc Dunn’s test*, which accounts for the multiple testing issue by applying p value adjustments via the
Bonferroni correction. We also used correlation tests using the Spearman coefficient for each period to assess
if there is a correlation between the §°C and §'°N that could reveal the consumption of freshwater or marine
resources. A 5% significance level (a=0.05) was used. All analyses were performed in R 4.2.2'%.

Data availability

We provide all data reported in this article in the Supplementary Information files. Specifically, radiocarbon
dates are listed in Supplementary Table 1 (S1) and the values and quality indicators of the stable isotope analyses
(8"C, 8N, §'*C,,,) are provided in Supplementary Table 2 (S2). Please refer to Supplementary Table 3 (S3) for
a detailed presentation of the results of the statistical tests.
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