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The place of millet in food
globalization during Late
Prehistory as evidenced
by new bioarchaeological data
from the Caucasus
Lucie Martin1,2*, Erwan Messager2, Giorgi Bedianashvili3, Nana Rusishvili3, Elena Lebedeva4,
Catherine Longford5, Roman Hovsepyan6, Liana Bitadze7, Marine Chkadua3,
Nikoloz Vanishvili3, Françoise Le Mort8, Kakha Kakhiani3, Mikheil Abramishvili3,
Giorgi Gogochuri3, Bidzina Murvanidze3, Gela Giunashvili3, Vakhtang Licheli9,
Aurélie Salavert10, Guy Andre11 & Estelle Herrscher11*
Two millets, Panicum miliaceum and Setaria italica, were domesticated in northern China, around
6000 BC. Although its oldest evidence is in Asia, possible independent domestication of these species
in the Caucasus has often been proposed. To verify this hypothesis, a multiproxy research program
(Orimil) was designed to detect the first evidence of millet in this region. It included a critical review of
the occurrence of archaeological millet in the Caucasus, up to Antiquity; isotopic analyses of human
and animal bones and charred grains; and radiocarbon dating of millet grains from archaeological
contexts dated from the Early Bronze Age (3500–2500 BC) to the 1st Century BC. The results show
that these two cereals were cultivated during the Middle Bronze Age (MBA), around 2000–1800 BC,
especially Setaria italica which is the most ancient millet found in Georgia. Isotopic analyses also
show a significant enrichment in 13C in human and animal tissues, indicating an increasing C4 plants
consumption at the same period. More broadly, our results assert that millet was not present in the
Caucasus in the Neolithic period. Its arrival in the region, based on existing data in Eurasia, was from
the south, without excluding a possible local domestication of Setaria italica.
Today, there are many genetic, archaeobotanical or biochemical resources to track the domestication processes and diffusion of plants and animals. Among them, the millets, Panicum miliaceum and Setaria italica,
are two species that have their origins in China, but their path to Europe has been the subject of numerous
studies for several years. Across Asia, researchers have looked at millets to describe the dispersal of peoples
and languages1, to address the concept of food g lobalization2, to understand how these cereals have adapted
to different e nvironments3,4 and to investigate the sedentary, semi-nomadic, or nomadic lifestyles of the early
agropastoral communities5,6. This article focuses on the Caucasus, a region that has hitherto not yet been explored
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in this respect, and that requires fresher data to understand the process of millet dispersal. Millets have long been
considered present in the European Neolithic, and also in the Caucasus. In Europe, new radiocarbon dates made
directly on millet grains and human skeletal stable isotope analyses show that finally, these two small cereals
arrive during the Bronze Age7–9. In the light of these recent studies, a multi-proxy project delivers new dates,
which specify the period of appearance of millet in the Caucasus and redefine the modalities of its diffusion from
East Asia. These dates are corroborated by isotopic data, which prove to be a strong indicator of the consumption of millet, a C4 plant. Finally, archaeobotany, radiocarbon dates and isotopic data also reveal that one of the
species, Setaria italica, could have been domesticated locally in the Western Caucasus.
In the following, “millet” designates two species, Panicum miliaceum (common millet) and Setaria italica
(foxtail millet). The terms millets, small millets, Panicum or Setaria only refer to these two cultivated species.
Despite the current minor importance of the crops, small millets are nutritionally superior to large-grained
cereals like wheat or barley, in terms of proteins, minerals, and vitamins. The grains can be stored for a long
time; they have good productive returns and need little management. Panicum and Setaria are two spring warmweather crops and rainfed summer crops, which do not need irrigation. Two of the main properties of millet
cultivation, which probably heightened its attractiveness to prehistoric populations, are their short growing
period, between 40 and 90 days, and tolerance to aridity. Millets require about half the water compared to
wheat, and their cultivation does not require plowing due to its shallow roots. Thus, millets are very suitable for
cultivation by semi-nomadic societies both in the past and still today, as they are low-investment agricultural
crops. Numerous studies have been carried out on chronology and routes of the spread of millet from China to
Europe, especially across the central Eurasian steppe regions and mountain c orridors3,10–12. The oldest cultivated
grains of Panicum and Setaria were found at several sites in North China between 6000 and 5500 cal B
 C1,13,14.
Millet domestication probably took millennia and the manner of its domestication is still subject to d
 ebate14–16.
For example, phytoliths and biomolecular components of millet were also found on the Neolithic site of Cishan
(Hebei province, Northern China) between ca. 8300 and ca. 6700 cal B
 C17. Starch and phytoliths are not species
specific, and several commentators highlight poorly defined contexts which seem insufficient to confirm this early
domestication3,15,18. Between 3500 and 2200 BC, millet agriculture is attested in the high-altitude environment
of the Tibetan Plateau, which demonstrates that millets are able to adapt to different ecological zones. Setaria
and Panicum provide the earliest evidence for agricultural products in this region, before the introduction of
wheat, barley and pea4.
While it is now established that the most ancient occurrences of Panicum and Setaria come from East Asia,
other domestication centers for millets have been mentioned, including the C
 aucasus19–23. This region, situated
between the Black and Caspian Seas and intersected by the Greater Caucasus Mountains has been presented as
either a land bridge or a barrier between the Eurasian steppes and Western Asia (Fig. 1). The first farmers settled
in the Caucasus at the beginning of the sixth millennium BC (Aratashen-Shulaveri-Shomutepe Neolithic culture),
some 3500 years after the earliest manifestations of agriculture in south-eastern Anatolia. They cultivated a broad
crop spectrum: cereals such as naked and hulled barley (Hordeum vulgare), emmer (Triticum turgidum subsp.
dicoccon), free-threshing wheat (T. aestivum/durum) and einkorn (Triticum monococcum), as well as several
pulses. Archaeological finds of sickles and sandstone grinders attest to widespread agricultural activities and processing of cereals across the C
 aucasus24–27. Present research shows that glume wheats and barley were introduced
into the Caucasus from the Middle-East28. The Caucasus however, have historically been suggested as a center
for crop domestication20,22. In particular, concerning the early dominance of naked wheat, rare at Neolithic sites
in Western Asia, genetic analyses of modern bread wheat and distribution of wild Aegilops tauschii all indicate
that hexaploid wheat originated in the Caucasus22,23,29. Whether millets were also locally domesticated in the
Caucasus has been recently questioned30.
A multidisciplinary project, combining several approaches based on archaeobotanical studies, radiocarbon
dates and isotopic analyses, was established to provide new data on the origin and development of millet cultivation in the Caucasus between the Neolithic and the Iron Age. The objective was to track this cereal at Caucasian
archaeological sites, in order to evaluate the role of the Caucasus in the spread of millet and to propose new
hypotheses on the manner of its diffusion from Central Asia to Europe.

Results and discussion

Evidences of millet plant remains in the Caucasus: A critical review. Several publications report
the presence of millet grains (not always well identified) in the Caucasus since the Neolithic, before 5000
BC19–22,30–32. Older publications, notably that of G. N. Lisitsina (1984) propose a domestication of common millet in the Caucasus (more widely in the Soviet Union). In this context, a discussion on the appearance and spread
of millet in the Caucasus requires a critical assessment of this evidence and a new set of archaeobotanical data.
In this paper, our inventory of millet remains includes grains of Panicum miliaceum and Setaria italica derived
from published literature and new discoveries from recent and older unpublished excavations. This represents
40 occurrences of millets, distributed in the Russian Federation, Georgia, Armenia, Azerbaijan, Turkey and Iran.
The chronology of these remains extends between the fifth millennium BC to first century AD (SI appendix
tab. S1). Many early published accounts of millets provide unreliable evidence because the dates are not precise,
catalogues do not give quantitative evaluation and no verification is possible due to the difficulty of recovering the material. As an example, in earlier publications, millet is listed as present at Aruchlo-1, an important
Neolithic site in Georgia, dated to 6050–5200 cal B
 C20,30, however according to the archaeobotanists working
on this site, the grains are actually wild Setaria (R. Neef and N. R
 usishvili34). At Dikha-Gudzuba in Georgia,
mentioned in Lisitsina and Prishchepenko (1977), Panicum grains are supposed to have been identified, but this
cereal is absent according to N. Rusishvili, who completed the archaeobotanical analysis of the site34. This critical review is strongly supported by current analyses: beside wheat and barley, Neolithic sites recently excavated
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Figure 1.  Map of the Caucasus showing all the sites with millet and/or where isotopic analysis were performed
on humans and/or animal bones. 1.Chishkho; 2.Lesnoe; 3.Guamsky Grot; 4. Kislovodsk; 5.Kabardinka-2;
6.Koban; 7.Chidgom; 8.Velikent I; 9.Etseri village; 10.Dikha-Gudzuba; 11.Pichori; 12.Nosiri; Megrelia;
13.Gabashvilis Gora; 14.Vani; 15.Choloki; 16.Namcheduri; 17.Tsagvli; 18.Natsargora; 19.Gudabertka;
20.Grakliani Gora; 21.Abanoskhevi; 22.Tsikhia Gora; 23.Tsitsamuri; 24.Natakhtari; 25.Samtavro; 26.Narekvavi;
27.Treli/Treligorebi; 28.Digomi; 29.Atskuri; 30.Tiselis Seri; 31.Akhchia; 32.Bertkama-Chalis kurgan;
33.Chala; 34.Kobala; 35.Gantiadi; 36.Dalari; 37.Karataki; 38.Irganchai, Tashiri; 39.Aruchlo 1; 40.Imiris-Gora;
41.Khramebi; 42.Noname-Gora; 43.Ciskaraant Gora; 44.Sev-Sev Kareri Blur; 45.Yenokavan-2; 46.Gegharot;
47.Tsaghkahovit; 48.Nerkin Naver; 49.Karmir Blur; 50.Aramus; 51.Argishtikhinili; 52.Mingechevir; 53.UzerlikTepe; 54.Khojaly; 55.Kültepe 1; 56.Sos Höyük; 57.Ayanis; 58.Haftavan Tepe (Background map made with
Natural Earth @ naturalearthdata.com). References and details in SI appendix tab. S1.

revealed pulses (lentil, grass pea and bitter vetch) and flax but none of them uncovered any millet, except wild
Setaria25,26,34,35. Millets are also absent in archaeobotanical spectrum from recently excavated Kura-Araxes sites
dated from Early Bronze Age36,37.

First occurrence of millet in the Caucasus: new radiocarbon and isotopic data. Archaeobotani-

cal material directly radiocarbon dated. 17 samples of millet grains (15 Panicum and 2 Setaria) were selected
from 15 archaeological sites in Georgia, Armenia, Russian Federation and North-East Turkey (Fig. 1, 2). All
the remains are charred and come from domestic contexts (occupation layers, burned house, fireplaces), generally dated by the archaeological material and radiocarbon, to between the Neolithic and Iron Age (SI appendix
fig. S1, tab. S2; SI dataset S1). The 17 radiocarbon dates performed on millet give a chronological range between
3350 ± 35 BP to 1435 ± 30 BP. Ten samples offer more recent dating than expected by the archaeological context.
For instance, millet from the Iron Age site of Vani (Western Georgia) instead dates to Late Antiquity, around
400 cal AD. This is a surprising result because according to the archaeological data, the city was destroyed in the
mid-first century BC38. In the Early Bronze Age occupation layers of Velikent (Dagestan), millet is particularly
time-shifted, with two intrusive samples from the Middle Ages. Moreover, at Velikent, isotope analyses do not
indicate the consumption of C
 4 plants during the Bronze A
 ge39. Panicum from Sos Höyük, in North-eastern
Turkey does not date to the Early and Middle Bronze Ages as expected, but to the Late Bronze A
 ge40.
Seven dates are in conformity with the occupation from which they were sampled. Located on the Black Sea
coast, Pichori provides the most ancient dates for millet cultivation in the Caucasus with Setaria italica dated
to between 2011 and 1771 cal BC. Over one hundred Setaria grains found with barley in a domestic c ontext34,
as well as the grain morphology (SI appendix fig. S2), leave no doubt as to the cultivated form of this species.
At Namcheduri and Choloki, two sites located further south on the coast, grains of common millet and foxtail
millet are dated to between 1500 and 1300 cal BC, that is the beginning of the Late Bronze Age (LBA). Several
sites widely distributed throughout the Caucasus provided millet samples dated from the LBA in a range between
1400 and 900 cal BC, followed by some Iron Age millet dates (800–400 cal BC), and finally more recent intrusions
in Vani and Velikent, from Late Antiquity and the very beginning of the Middle Ages (Fig. 2). In the Caucasus,
several additional direct dates on millet grains should be mentioned (SI appendix tab. S2): at Grakliani Gora near
Tbilisi, Panicum is dated to 1108–896 cal BC (V. Licheli and P. Biagi); in Guamsky Grot, situated in the northwestern Caucasus, Panicum grains were dated to 1110–908 cal BC41; and in Noname Gora, in Eastern Georgia,
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Oxcal v4.2.4 (Bronk Ramsey & Lee 2013); r:5 IntCal13 atmospheric curve (Reimer et al 2013)

Velikent I, Panicum, Poz 82832, 1435 ± 30 BP
Velikent I, Panicum, Poz 82834, 1490 ± 30 BP

Antique/Early Medieval

Vani, Panicum, Poz 66775, 1615 ± 30 BP
Lesnoe, Panicum, Poz 82837, 2455 ± 30 BP
Treligorebi, Panicum, Poz 66774, 2565 ± 30 BP

IA

Narekvavi, Panicum, Poz 66776, 2560 ± 30 BP
Gudabertka, Panicum, Poz 66771, 2815 ± 30 BP

LBA

Chidgom, Panicum, Poz 82835, 2870 ± 30 BP
Sos Hüyük, Panicum, Poz 66780, 2945 ± 35 BP
Sos Hüyük, Panicum, Poz 66781, 2960 ± 35 BP
Tsaghkahovit, Panicum, Poz 66779, 2945 ± 30 BP
Kabardinka 2, Panicum, Poz 82838, 2950 ± 30 BP
Gegharot, Panicum, Poz 63429, 2995 ± 30 BP
Chishkho, Panicum, Poz 82836, 3000 ± 30 BP
Choloki, Setaria, Poz 66772, 3130 ± 35 BP
Namcheduri, Panicum, Poz 66777, 3150 ± 35 BP
Pichori, Setaria, Poz 66778, 3550 ± 35 BP
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Figure 2.  Calibrated radiocarbon dates made directly on millet grains. MBA: Middle Bronze Age; LBA: Late
Bronze Age; IA: Iron Age. Chronological landmarks from Sagona 2 01627. The grey dotted lines indicate the
expected time period of the levels from which the millet samples are taken, according to archaeological data.
Dated are calibrated using OxCal 4.2.4 software using IntCal13 atmospheric curve (references and details in SI
appendix fig. S1 and tab. S2; dataset S1).
millet has been dated to the Iron Age 800–400 cal BC (R. Neef). In addition to our data, these 14C dates confirm
Panicum cultivation in the Caucasus during the LBA.
Outside of the Caucasus, several presumed Neolithic/Bronze Age Panicum grains were also directly dated.
In Ukraine, a recently dated grain of millet from the Neolithic site of Kamyane Zavallia has been dated to
264–541 cal AD (GifA19189a-1635 ± 45 BP42]. Furthermore, in Usatovo, a site dated to 3500–3000 BC on the
Black Sea coast in Ukraine, a re-examination of presumed impressions of millet in clay using SEM techniques and
experimentation showed that the marks may not have been made by a cereal imprint43. Numerous broomcorn
millet grains from Central and Eastern European Neolithic structures were recently directly radiocarbon dated.
None of these grains returned Neolithic dates; the oldest remains date back to the Middle Bronze Age (MBA)
and LBA, during the second half of the 2nd m
 illennium7,8. In the Caucasus, as described above, all the charred
millet grain directly dated as part of our project, which were presumed to be EBA (Kura-Araxes Culture) or MBA
I (2500–2000 BC), are younger. Our results confirm that archaeological plant material, especially small botanical
remains, can be intrusive and that a direct dating of macroremains are needed to determine their chronology.
Isotopic analyses. Unlike the other crops grown in the same regions, Panicum and Setaria are both C4 plants
that utilize the Hatch-Slack photosynthetic pathway which results in higher δ13C values in the plant tissue than
C3 plants. Consequently, it results in measurable differences in the bone collagen of consumers, human and animal, of both these c ereals44. Diets based on the consumption of C
 4 plants are easily identifiable by higher carbon
isotope ratios9,45. In the Caucasus, wild C4 plants grow in several ecosystems, mainly located in the more arid
parts of the r egion46. If these wild C
 4 plants were consumed by domestic animals, they could have contributed to
higher bone collagen carbon isotopes ratios. Nevertheless, all the selected sites for which isotopic analysis have
been carried out, fall in temperate vegetation belts in which C4 plants are minor components (see vegetation
composition in48,49), except one site (Khramebi, located in Kakheti, where C4 plants occur in the surrounding
steppes). In order to track the characteristics of the cereals consumed (wheat/barley vs. millet), stable isotope
analyses (δ13C, δ15N) were carried out on samples collected in Georgia and dated from the Middle Bronze Age
to the Late Iron Age.
During the Middle Bronze Age, we observed a wide dispersion of carbon isotope ratios from − 21.2 to
− 15.2 ‰ for animals and from 20.2 to − 14.7 ‰ for humans, supporting a differential consumption of C4 plants
according to individuals (Fig. 3, SI dataset S2, SI appendix tab. 3 to 5, fig. S3). Fourteen domestic animals (bovine,
caprine and a dog) from Central Georgia and two humans, also radiocarbon dated to the MBA, from Tsaghvli
and Natakhtari (north-west of Tbilisi) show isotope ratios above -17.0 ‰ that indicate a sufficient quantitative
consumption of C4 plants or meat of animals having consumed C4 plants to be recorded visibly in tissue consumers (Fig. 3). Considering the area and the chronological period, this result may indicate millet consumption. In
comparison to the MBA, carbon isotope ratios from the most recent periods (LBA to Early Iron Age) highlight
a significant increasing consumption of millets which is more visible in humans (36 samples out of 46, with
δ13C values from -18.8 to − 10.0 ‰, Mann–Whitney, p-value(δ13C) < 0,000) than in animals (13 out of 31, δ13C
values from − 20.9 to − 13.7 ‰) (Fig. 3, SI dataset S2, SI appendix tab. 3 to 5, fig. S3). Interestingly, a variability
of this consumption is observed at the human intra-populational level. In Treligorebi (Tbilisi) and Abanoskhevi
(north of Tbilisi), a differential quantitative consumption of C4 cereal is observed between individuals (either
directly consumed or from animals having eaten millet) questioning the status of this crop in the human diet.
One of the main results of this study is that stable isotopic analysis is in accordance with the oldest radiocarbon
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Figure 3.  Animal and human stable carbon and nitrogen isotope ratios according to geographical area for
Middle Bronze Age (A) and Late Bronze Age to late Iron Age (B). H: Human, Mi: millet; Geographical areas:
SK: Samtskhe-Javakheti; MM: Mtskheta-Mtianeti; SK: Shida kartli; KK: Kevmo Kartli; K: Kakheti; TB: Tbilisi
District; NC: North Caucasus, GEG: Gegharot; *: means that the chronological period overlaps the transition
with the following period (For highlighted individuals see SI dataset S2; SI appendix tab. S3).

dates obtained on millet grains, and that before the MBA and especially during the Kura-Araxes period (ca.
3300–3000 cal BC), no C4 plant consumption signal is recorded, at least on the recently analyzed sites in the
northern Caucasus39,49 as in the S outh37,50,51.

The place of the Caucasus in the diffusion of millets across Eurasia. Our investigation into the
antiquity of millets in Caucasus has clarified their chronology in the region through both radiocarbon dating
and stable isotopic analyses. This new data needs to be integrated in a wider context on the place of millet in
Eurasian prehistory. Recently, several published studies have considered crop dispersals from Europe and Asia
and concluded that common millet did not reach the Caucasus before 1500 BC, nor was foxtail millet present
in Western Asia before 500 BC52,53. Several lines of evidence from our research introduce new chronological
milestones and poses several questions: (1) What is the state of knowledge on the chronology of the spread of
millet across Eurasia? (2) From a Caucasian perspective, from where did millet(s) arrive and when? (3) What
are the implications of our research for the possible domestication of common or foxtail millet in the Caucasus?
From the North or the South? Spread of millet(s) across Eurasia to the Caucasus. The concept of “food globalization” is based on the fact that numerous economic plants have moved across Eurasia at various stages in Prehistory, such as wheat, barley, rice and millet. During the last decades, studies conducted on crop movement across
Prehistoric Eurasia show that “food globalization” began in the third millennium BC and intensified during
the second millennium BC2,53. The diffusion of millet compared to other starchy plants seems to respond more
to ecological than economic and cultural factors, due to its short growth cycle and ripening period. Indeed,
the expansion of millet can be characterized as driven by “risk-minimizing subsistence strategies within Asian
Landscapes variously constrained by long winters and scarcity of water”2. Nevertheless, archaeobotanical analysis recently carried out in northern Central Asia indicate a mixed cropping system relying on cultivated plants
such as free-threshing wheat, barley and pulses throughout the Bronze Age54. Numerous analyses—mainly in
Kazakhstan and Uzbekistan—have been carried out recently to track the spread and progression of millet westwards (Fig. 4). These synthetic studies are based on both archaeobotanical and isotopic studies and indicate that
the chronology of the first millet record varies according to the sites and their altitude, from the end of the third
millennium to the mid-second millennium3,5,11,12,52,55,56. In Central Asia, several Bronze age sites have yielded
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Figure 4.  A schematic diffusion of millets (Panicum miliaceum and Setaria italica) across Eurasia
and the Caucasus. Bold dates are millet grains directly dated. The dates are averages. E.g. “mid-2nd
millennium” = 1500 BC. When 14C available: 2 sigma is preferred and rounded (e.g. for Tasbas, 1416–1287 cal
BC = 1350 BC). BC implies cal BC. (Background map made with Natural Earth @ naturalearthdata.com).
millet grains situated within a region known as the Inner Asian Mountain Corridor (Fig. 4, 58) that has served
as a passageway. In Southeast Kazakhstan, the site of Begash gives the earliest occurrence of broomcorn millet in Central Asia, attributed to 2280–2060 cal BC10. Not far from Begash, at the site of Tasbas, millet remains
(grains and phytoliths of Panicum and Setaria) were dated to around 1350 BC58 and millet from Uch-Kurbu was
directly dated to 1279–1127 cal B
 C59. In Dali, combined genetic and stable isotopic analyses of faunal remains
demonstrate dietary intake with a substantial C4 component by 2700 BC11. Consumption of millet from the
Middle-Late Bronze Age onwards (ca. 1800 cal BC), and likely eaten directly by humans is also shown by stable
isotope studies carried out in Southern Kazakhstan with a C
 4 signal recorded in Oi-Dzhailau-7 (− 16.9 to − 13.7
‰) around 1500 B
 C55. To the southwest, common millet (undated) at Shortugai was identified in contexts from
around 2000 BC60, and at Qasim Bagh in Kashmir common millet was dated directly to the middle of the 2nd
millennium61. In this same region of Indian Kashmir, it can be noted that the millets of Pethpuran Teng have
recently been dated to around 2500 cal BC and are therefore older than in Begash62. In the Murghab region
(Eastern Turkmenistan), three sites—Adji Kui1, Ojakly and 1211/1219—provided grains of Panicum, of which
two offered direct radiocarbon dates: 1740–1614 cal BC for Ojakly63 and an older date in Adji Kui 1 at 2272–
1961 cal BC64. This data reveals a chronological framework for the westward expansion of millet, mostly Panicum, between 2300 and 1300 BC. To the west, the data is very incomplete: there is a geographical gap between
the Murghab region and the northwest of Iran (Fig. 4). In Iraq and Iran, the data is similarly quite sparse. Millets
are present on some sites, but are not directly dated: at Gurga Chiya, they are in contexts dated to around 1300
BC65 and Haftavan Tepe to around 1550 BC66. The dated Panicum and Setaria grains from Namcheduri and
Choloki in this study provide the missing radiocarbon evidence to chronologically connect the westward expansion of millets from China via Central Asia to the Near East and Europe.
Millet, at least common millet, probably did not arrived in the Caucasus via the Eurasian steppes. Across the
Eurasian steppe zone, north of the Inner Asian Mountain Corridor, the evidence for millet consumption is mainly
based on stable isotope studies (Fig. 4). In Central Kazakhstan, the isotopic signal that would indicate the intake
of C4 plants is discrete and only appears at the end of the Bronze A
 ge55,67,68. On sites occupied during the Bronze
Age (2100–1400 BC), millet is absent, both as macro botanical remains (e.g. in Trans-Urals, 70] and from the
stable isotope data70. Furthermore, a recent synthesis on the subject using stable isotope meta-analysis from Mongolia to the northern Caucasus indicates that millet was not consumed by humans or livestock in Southwestern
Siberia and Trans-Urals before the Iron A
 ge56. In summary, the data agrees with Jones et al.’s (2016) conclusion
that the northern steppe route appears to have only became agricultural in the first millennium BC. Therefore,
the distribution of millet from China to the Caucasus has tended to be from the south, following Pamir, Hindu
Kush and Zagros mountains, rather than from the Eurasian steppe zone (Fig. 4).
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On the road to Europe. In the North Caucasus, millet grains have not been identified at sites before the Iron
Age, and there is no isotope signal oriented towards a consumption of millet before the Late Bronze Age (Koban
culture) and the Iron Age39,71. In the Bronze Age Caspian and Low Don Steppe (2500–2350 cal BC), similarly no
consumption of millet is registered through archaeobotanical or isotopic a nalyses72. Interestingly, at the site of
Vinogradnyi Sad in western Ukraine Panicum was directly dated to 1622–1452 cal BC8, which is a little bit older
than Panicum grains from Namcheduri. The Mid Second millennium (1600–1400 BC) is a period of explosive
expansion of Panicum cultivation in western Eurasia, millet appears in the Caucasus, as well as in Ukraine and
South-East Europe8. It is difficult with so few dated grains to draw a pathway of millet expansion between the
Caucasus and Europe, via either the north Pontic region or Anatolia. The grains from Sos Höyük however provide the earliest directly dated evidence for millet in Anatolia (1271–1039 cal BC) which together with other
undated finds of broomcorn millet in mid-late second millennium contexts at Troy73 and Kusakli74 suggest a
delayed dispersal of millets over Anatolia. It is more likely therefore that Panicum spread westwards from the
Caucasus along the northern Black Sea Coast into Ukraine (Fig. 4).
A possible domestication of foxtail millet in the Caucasus? In the end, were millets domesticated in the Caucasus? Concerning Panicum, genetic evidence, coupled with archaeobotany and paleodietary analysis “are now
consistent with a single origin of cultivated P. miliaceum somewhere in northern China, at least by the 6th millennium BC.”75. Our results converge to support the hypothesis of a single primary domestication center in East
Asia and not scattered in different points of the globe, since we have no evidence of broomcorn millet dated
before the 3 rd millennium in the Caucasus. For Setaria, we have a different pattern: the wild progenitor of foxtail
millet—Setaria viridis—is widespread across Eurasia. If genetic analyses indicate a single domestication center
for foxtail millet in C
 hina76,77 then more research is needed to understand its early presence in the Caucasus.
Currently, foxtail millet does not appear in Central Asia before 1500 BC. Moreover, it only appears cultivated in
quantity in Anatolia at Ayanis and Tille Höyük in the Iron A
 ge66,78. Setaria is the only millet and the oldest dated
in the Western Caucasus (Pichori, Abkazia), and it is well represented alongside Panicum, at slightly later sites
(Namcheduri and Choloki) near Pichori, on the Black Sea coast. The ancient and very localized appearance of
foxtail millet raises the question of a possible domestication of this species in the Western Caucasus. Many wild
forms of Setaria exist in this region, especially the wild progenitor of Setaria italica, Setaria viridis29,79. Although
it is not possible to distinguish between the C
 4 signal of Panicum and Setaria, the earliest isotopic evidence for
C4 plant consumption are found in the southern part of the Caucasus, on two sites that are contemporary with
Pichori (Tsaghvli and Natakhtari, ca. 1850–1400 cal BC). The date and spread of Setaria across Eurasia are still
uncertain (Fig. 4). Of course, we must be cautious because the process of Setaria domestication, involving morphological, genetic and practical changes is incompletely understood. In the light of the ancient dates we have,
Setaria may have been independently domesticated in the Caucasus. Whether this was a localized and shortlived
cultivation of Setaria in the Western Caucasus or if foxtail millet spread from here to nearby regions is still hypothetical. The early presence of Setaria in the Caucasus opens a new avenue which needs to be investigated with
further ethnobotanical79, archaeobotanical and genetic studies76,77.

Conclusion

By combining archaeobotanical and stable isotope analyses and with the support of a large set of radiocarbon
dates, we can reconsider the chronological framework and bring new elements to the model of crop dispersal
in Eurasia. Our results shed a new light on the question of millet in the Caucasus: Setaria italica and Panicum
miliaceum are not present in the Neolithic; their cultivation appears slightly in the Middle Bronze Age as proven
by both direct millet dating and isotopic data. Isotopic analyses reveal that millets became more important in
the human and animal diet during the Late Bronze Age. It is interesting that the appearance of millet in the
south Caucasus coincides with important socio-economic changes. The Late Bronze Age is the period when
agricultural intensification begins in this region, and is also a time of important cultural interactions between
the Colchian and Koban cultures. Further research may reveal the relationship between millet cultivation and
societal developments in the Late Bronze Age Caucasus. Considering the timing of millet’s spread across Eurasia,
these results demonstrate that the Caucasus was not an independent domestication center for Panicum miliaceum. The question remains open concerning Setaria italica: it appears as early as 2000 cal. BC in the Western
Caucasus, but much later (ca. 1500–1000 cal. BC) in other parts of the region. Since wild ancestor exist in the
Caucasus, it is possible that foxtail millet was locally domesticated in the late Middle Bronze Age. Domestication
and consumption of millet constitute a fundamental element in the history of the development of agriculture
across Eurasia, as it is shown by recent research of food globalization.

Materials and methods

Considering archaeobotanical (charred millet grains) and isotopic investigations, 61 sites located in Russian
Federation, Georgia, Armenia, Azerbaijan and closed part from the Caucasus area in Turkey and Iran provided
some material.

Archaeobotanical material and radiocarbon dates. Considering both old and recent excavations,

priority was given to macroremains that is grains, which are direct witnesses of its cultivation and collected
remains of millet in Georgia, Armenia, Russian federation and North-East Turkey. No remains of millet were
available in Azerbaijan. For each sample, we checked the provenance and the context, and we verified the identification. Despite carbonization and sometime bad preservation, identification of the grains as broomcorn millet
and foxtail millet were clear, with a characteristic morphology: we checked their overall form, size and the position of the embryo and when available, ornamentations on their lemmas and paleas (Setaria sp.). Several publi-
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cations have been used to verify our identifications80,81, in particular to differentiate between cultivated species
(Panicum miliaceum/Setaria italica), immature grains of these species, often small in size, and grains of closely
related wild species, e.g. Setaria viridis, S. verticillata, S. glauca, Echinochloa crus-galli. Grains which were sent to
radiocarbon dating were pictured (SI appendix fig. S2). After completing the inventory of millet remains found
in the Caucasus, we were able to recover 17 samples from archaeological contexts dated between Early Bronze
Age to Antiquity, among which we choose grains for direct AMS radiocarbon dates.

Bone and grain material, pretreatment protocol and isotopic measurements. The corpus

belongs to 83 human individuals, 110 animals and two millet grains from 23 archaeological sites (SI dataset S2),
in order to accurately map the ecosystems specific to each region of Georgia. Samples were chosen because of
their well-controlled archaeological context. If there was any doubt about the chronology of the samples, human
and animal bones were subsampled and individually radiocarbon dated to ensure the reliability of each set of data
(SI appendix fig. S1; SI dataset S1). The protocol proposed by Longin82 and modified by Bocherens et al.83 was
used to extract human and animal bone collagens. After grinding bone chunk into a powder (> 700 µm), samples
(~ 250 mg) were soaked in HCl (1 M, 20’) for demineralization, followed by a soak in NaOH (0.125 M, < 18 h)
to remove contaminants and dissolved in HCl (pH = 2, 17 h, 100 °C). Samples were then freeze-dried for 48 h.
An acid–base-acid protocol as described by Bogaard et al.84 was used for charred grains. Samples were soaked
in HCl (0.5 M, 70 °C, for 30–60 min), then rinsed to reach a neutral pH and soaked in NaOH (0.1 M, 70 °C,
60 min), rinsed again and soaked in HCl (0.5 M, 70 °C, for 30–60 min). Dried samples were ground to a fine
powder. The isotopic analysis of human and animal bone collagens and charred grains was performed at the
Iso-Analytical Limited laboratory (Cheshire, UK). Pre-weighed human bone collagens and plants were analyzed
with a Europa Scientific elemental analyzer interfacing with a Europa Scientific 20–20 (IRMS) to yield data on
elemental composition (%C, %N) and measurements of δ13C and δ15N. Isotopic measurements were run against
benchmark standards (PDB for carbon, AIR for nitrogen) and expressed in parts per mil (‰). For both collagen
and bulk plants, IAEA standards are bovine liver (IA-R042), a mixture of ammonium sulphate (IA-R045) and
beet sugar (IA-R005) and a mixture of sugar cane (IA-R006) and ammonium sulphate (IA-R046). Measurement
reproducibility of a repeat sample is of ± 0.1‰ for δ13C and δ15N values. Bone collagen preservation was checked
according to several criteria, such as the yield of extraction (≥ 10 mg.g-1), the percentages of C and N (%C ≥ 30%
and %N ≥ 10%) and the atomic C:N ratio (2.9 < C:N < 3.6)85–87.

Received: 10 March 2021; Accepted: 10 June 2021

References

1. Stevens, C. J. & Fuller, D. Q. The spread of agriculture in eastern Asia Archaeological bases for hypothetical farmer/language
dispersals. Language Dynamics Change 7, 152–186 (2017).
2. Jones, M. K. et al. Food globalisation in prehistory: The agrarian foundations of an interconnected continent. J. Br. Acad. 4, 73–87
(2016).
3. Miller, N. F., Spengler, R. N. III. & Frachetti, M. Millet cultivation across Eurasia: Origins, spread, and the influence of seasonal
climate. Holocene 26, 1566–1575 (2016).
4. d’Alpoim Guedes, J. et al. Moving agriculture onto the Tibetan plateau: the archaeobotanical evidence. Archaeol. Anthropol. Sci.
6, 255–269 (2014).
5. Spengler, R. et al. Early agriculture and crop transmission among Bronze Age mobile pastoralists of Central Eurasia. Proc. Biol.
Sci. 281, 20133382 (2014).
6. Spengler, R. N. III., Cerasetti, B., Tengberg, M., Cattani, M. & Rouse, L. Agriculturalists and pastoralists: Bronze Age economy of
the Murghab alluvial fan, southern Central Asia. Veg. Hist. Archaeobot. 23, 805–820 (2014).
7. 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 (2013).
8. Filipovic, D. et al. New AMS 14C dates track the arrival and spread of broomcorn millet cultivation and agricultural change in
prehistoric Europe. Sci. Rep. 10, 13698 (2020).
9. Tafuri, M. A. et al. Estimating C4 plant consumption in Bronze Age Northeastern Italy through stable carbon and nitrogen isotopes
in bone collagen. Int. J. Osteoarchaeol. 28, 131–142 (2018).
10. Frachetti, M. D., Spengler, R. N. III., Fritz, G. J. & Mar’yashev, A. N. Earliest direct evidence from broomcorn millet and wheat in
the central Eurasian steppe region. Antiquity 84, 993–1010 (2010).
11. Hermes, T. R. et al. Early integration of pastoralism and millet cultivation in Bronze Age Eurasia. Proc. Biol. Sci. 286, 20191273
(2019).
12. Lightfoot, E., Liu, X. & Jones, M. K. Why move starchy cereals? A review of the isotopic evidence for prehistoric millet consumption across Eurasia. World Archaeol. 45, 574–623 (2013).
13. Liu, X., Jones, M. K., Zhao, Z., Liu, G. & O’Connell, T. C. The earliest evidence of millet as a staple crop: New light on neolithic
foodways in North China. Am. J. Phys. Anthropol. 149, 283–290 (2012).
14. Ren, X. et al. Foothills and intermountain basins: Does China’s Fertile Arc have ‘Hilly Flanks’?. Quat. Int. 426, 86–96 (2016).
15. Bestel, S. et al. The evolution of millet domestication, Middle Yellow River Region, North China: Evidence from charred seeds at
the late Upper Paleolithic Shizitan Locality 9 site. Holocene 24, 261–265 (2014).
16. Liu, X., Hunt, H. V. & Jones, M. K. River valleys and foothills: changing archaeological perceptions of North China’s earliest farms.
Antiquity 83, 82–95 (2009).
17. Lu, H. et al. Earliest domestication of common millet (Panicum miliaceum) in East Asia extended to 10,000 years ago. Proc. Natl.
Acad. Sci. USA 106, 7367–7372 (2009).
18. Crawford, G. W. Agricultural origins in North China pushed back to the Pleistocene-Holocene boundary. Proc. Natl. Acad. Sci.
USA 106, 7271–7272 (2009).
19. Lisitsina, G. N. & Prishchepenko, L. V. Paleoetnobotanicheskie nachodki Kavkaza i Blijnego Vostoka [Palaeoethnobotanical Finds
of the Caucasus and the near East] (Moscow, 1977).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:13124 |

https://doi.org/10.1038/s41598-021-92392-9

8

www.nature.com/scientificreports/
20. Lisitsina, G. N. The Caucasus – A centre of ancient farming in Eurasia. In Plants and Ancient Man, Studies in palaeoethnobotany,
Proceeding of the 6th Symposium of the International Work Group for Palaeoethnobotany (eds Van Zeit, W. & Casparie, W. A.)
285–292 (Groningen, 1984).
21. Jones, M. K. Between Fertile Crescents: Minor Grain Crops and Agricultural Origins. In Traces of ancestry: studies in honour of
Colin Renfrew (ed. Jones, M. K.) 127–138 (McDonald Institute for Archaeological Research, Oxford, 2004).
22. Vavilov, N. I. Origin and Geography of Cultivated Plants (University Press, 1992).
23. Zohary, D., Hopf, M. & Weiss, E. Domestication of plants in the Old World. The origin and spread of cultivated plants in West Asia,
Europe, and the Mediterranean Basin (Oxford University Press, Oxford, 2012).
24. Chataigner, C., Badalyan, R. & Arimura, M. The Neolithic of the Caucasus. Oxford Handbooks Online https://doi.org/10.1093/
oxfordhb/9780199935413.013.13 (2014).
25. Decaix, A. et al. Vegetation and plant exploitation at Mentesh Tepe (Azerbaijan), 6th–3rd millennium BC initial results of the
archaeobotanical study. Quat. Int. 395, 19–30 (2015).
26. Neef, R., Decaix, A. & Tengberg, M. Agricultural practices and paleoenvironment of the Southern Caucasus during the Neolithic.
A transect along the Kura River. In The Kura Projects. New Research on the Later Prehistory of the Southern Caucasus (eds. Helwing,
B., Hansen, S. & Lyonnet, B.) 371–378 (Archäologie in Iran und Turan, Band 16, Dietrich Reimer Verlag, Berlin, 2017).
27. Sagona, A. The Archaeology of the Caucasus (From Earliest Settlements to the Iron Age (University Press, 2018).
28. Willcox, G. The roots of cultivation in South Western Asia. Science 341, 39–40 (2013).
29. Gabrielian, E. & Zohary, D. Wild relatives of food crops native to Armenia and Nakhichevan. Flora Mediterranea 14, 5–80 (2004).
30. Hunt, H. V. et al. Millet across Eurasia: chronology and context of early records of the genera Panicum and Setaria from archaeological sites in the old world. Veg. Hist. Archaeobot. 17, 5–18 (2008).
31. Schultze-Motel, J. Archäologische Kulturplfanzenreste aus der Georgischen SSR (Teil 1). Kulturpflanze 36, 421–435 (1988).
32. Wasylikowa, K. et al. East-Central Europe. In Progress in Old World Palaeoethnobotany (eds. Van Zeist, W., Wasylikowa, K. &
Behre, K. E.) 207–239 (Balkena, Brookfield-Rotterdam, 1991).
33. Benecke, N. & Neef, R. Kaukasus. Subsistenzwirtschaft und Umweltnutzung in Siedlungen des 6. Jt. v. Chr. e-Forschungsberichte
des DAI 1, 78–83 (2014).
34. Rusishvili, N. Cultivated Plants in ancient territory of Georgia by palaeoethnobotanical research (in Russian), Academy of Science
of Moldovan SSR (PhD Thesis, University of Moldova, Botanical Garden, Chișinău, 1990).
35. Kadowaki, S. et al. Geoarchaeological and palaeobotanical evidence for prehistoric cereal storage in the southern Caucasus: the
Neolithic settlement of Göytepe (mid 8th millennium BP). J. Archaeol. Sci. 53, 408–425 (2015).
36. Hovsepyan, R. On the agriculture and vegetal food economy of Kura-Araxes Culture in the South Caucasus. Paléorient 41, 69–82
(2015).
37. Messager, E. et al. Archaeobotanical and isotopic evidence of Early Bronze Age farming activities and diet in the mountainous
environment of the South Caucasus: A pilot study of Chobareti site (Samtskhe-Javakheti region). J. Archaeol. Sci. 53, 214–226
(2015).
38. Lordkipanidze, O. Vani: an ancient city of colchis. Greek Roman Byz Stud. 32, 151–195 (1991).
39. Hollund, H. I., Higham, T., Belinskij, A. & Korenevskij, S. Investigation of palaeodiet in the North Caucasus (South Russia) Bronze
Age using stable isotope analysis and AMS dating of human and animal bones. J. Archaeol. Sci. 37, 2971–2983 (2010).
40. Longford, C., Drinnan, A. & Sagona, A. Archaeobotany of Sos Höyük, northeast Turkey. In New Directions in Archaeological Science, vol. 28 (eds. Fairbairn, A., O’Connor S. & B. Marwick) 121–136 (Canberra, 2009).
41. Trifonov, V. A., Shishlina, N. I., Lebedeva, E. Y., van der Plicht, J. & Rishko, S. A. Directly dated broomcorn millet from the northwestern Caucasus: Tracing the Late Bronze Age route into the Russian steppe. J. Archaeol. Sci. Rep. 12, 288–294 (2017).
42. Kiosak, D. Kamyane-Zavallia, the easternmost linear pottery culture settlement ever excavated. Sprawozdania Archeologiczne 69,
253–269 (2017).
43. An, T., Pashkevich, G. & Jones, M. Re-examining millet impressions in Usatovo clay materials from NW Black Sea region Ukraine.
Archaeol. Anthropol. Sci. 11, 3201–3211 (2018).
44. van der Merwe, N. J. & Vogel, J. C. 13C content of human collagen as a measure of prehistoric diet in Woodland North America.
Nature 276, 815–816 (1978).
45. Schwarcz, H. P. & Schoeninger, M. J. Stable Isotopes of Carbon and Nitrogen as Tracers for Paleo-Diet Reconstruction. In Handbook
of Environmental Isotope Geochemistry: Vol 2 (ed. Baskaran, M.), 725–742 (Springer, 2012).
46. Pyankov, V. I., Ziegler, H., Akhani, H., Deigele, C. & Lüttge, U. European plants with C4 photosynthesis: geographical and taxonomic
distribution and relations to climate parameters. Bot. J. Linn. Soc. 163, 283–304 (2010).
47. Nakhutsrishvili, G. Forest Vegetation of Georgia. In The Vegetation of Georgia (South Caucasus), 35–87 (Springer, 2013).
48. Bohn, U. & Neuhäusl, R. Karte der natürlichen Vegetation Europas / Map of the Natural Vegetation of Europe, Maßstab/Scale
1:2.500.000, (Landwirtschaftsverlag, 2000/2003).
49. Knipper, C., Reinhold, S., Gresky, J., Belinskiy, A. & Alt, K. W. Economic strategies at Bronze Age and Early Iron Age upland sites
in the North Caucasus: Archaeological and stable isotope investigations. In Isotopic Investigations of Pastoral Production: Innovative Approaches to Patterns of Mobility, Economy, and Exploitation, Themes in Contemporary Archaeology Vol. 5 (eds. Ventresca
Miller, A. R. & Makarewicz, C. A.) 123–140 (Routledge, 2018).
50. Herrscher, E., Poulmarc’h, M., Bitadze, L., Vanishvili, N. & André, G. Is there homogeneity in Georgian Kura-Araxes human dietary
practices. In On salt, copper and gold: the origins of early mining and metallurgy in the Caucasus (eds. Marro, C. & Stoëllner, T.)
(Tbilisi, in press).
51. Herrscher, E. et al. Dietary inferences through stable isotope analysis at the Neolithic and Bronze Age in the southern Caucasus
(sixth to first millenium BC, Azerbaijan): From environmental adaptation to social impacts. Am. J. Phys. Anthropol. 167, 856–875
(2018).
52. Stevens, C. J. et al. Between China and South Asia: A Middle Asian corridor of crop dispersal and agricultural innovation in the
Bronze Age. Holocene 26, 1541–1555 (2016).
53. Liu, X. et al. From ecological opportunism to multi-cropping: Mapping food globalisation in prehistory. Quat. Sci. Rev. 206, 21–28
(2019).
54. Spengler, R. N. III., Ryabogina, N., Tarasov, P. E. & Wagner, M. The spread of agriculture into northern Central Asia: Timing,
pathways, and environmental feedbacks. Holocene 26, 1527–1540 (2016).
55. Motuzaite-Matuzeviciute, G. et al. The extent of cereal cultivation among the Bronze Age to Turkic period societies of Kazakhstan
determined using stable isotope analysis of bone collagen. J. Archaeol. Sci. 59, 23–34 (2015).
56. Ventresca Miller, A. R. & Makarewicz, C. A. Intensification in pastoralist cereal use coincides with the expansion of trans-regional
networks in the Eurasian Steppe. Sci. Rep. 9, 8363 (2019).
57. Frachetti, M. D. Multiregional emergence of mobile pastoralism and nonuniform institutional complexity across Eurasia. Curr.
Anthropol. 53, 2–38 (2012).
58. Doumani, P. N. et al. Burial ritual, agriculture, and craft production among bronze age pastoralists at Tasbas (Kazakhstan). Archaeol.
Res. Asia 1–2, 17–32 (2015).
59. Luneau, E., Martínez Ferreras, V., Abdykanova, A., Tabaldiev, K. & Motuzaite Matuzeviciute, G. The first combined archaeological
and archaeometric analyses on Bronze Age pottery from Kyrgyzstan (Uch Kurbu site). J. Archaeol. Sci. Rep. 31, 102302 (2020).

Scientific Reports |

(2021) 11:13124 |

https://doi.org/10.1038/s41598-021-92392-9

9
Vol.:(0123456789)

www.nature.com/scientificreports/
60. Willcox, G. Carbonised plant remains from Shortughai, Afghanistan. In New light on early farming. Recent developments in Palaeoethnobotany (ed. Renfrew, J.-M.) 139–153 (Cambridge, 1991).
61. Spate, M., Zhang, G., Yatoo, M. & Betts, A. New evidence for early 4th millennium BP agriculture in the Western Himalayas: Qasim
Bagh Kashmir. J. Archaeol. Sci. Rep. 11, 568–577 (2017).
62. Yatoo, M. A., Spate, M., Betts, A., Pokharia, A. K. & Shah, M. A. New evidence from the Kashmir Valley indicates the adoption of
East and West Asian crops in the western Himalayas by 4400 years ago. Quaternary Sci. Adv. 2, 100011 (2020).
63. Rouse, L. M. & Cerasetti, B. Ojakly: A Late Bronze Age mobile pastoralist site in the Murghab Region Turkmenistan. J. Field
Archaeol. 39, 32–50 (2014).
64. Spengler, R. N., de Nigris, I., Cerasetti, B., Carra, M. & Rouse, L. M. The breadth of dietary economy in Bronze Age Central Asia:
Case study from Adji Kui 1 in the Murghab region of Turkmenistan. J. Archaeol. Sci. Rep. 22, 372–381 (2016).
65. Wengrow, D. et al. Gurga Chiya and Tepe Marani: New Excavations in the Shahrizor Plain Iraqi Kurdistan. Iraq 78, 253–284 (2016).
66. Nesbitt, M. & Summers, G. D. Some recent discoveries of millet (Panicum miliaceum L and Setaria italica (L) P BEAUV) at excavations in Turkey and Iran. Anatolian Stud. 38, 85–97 (1988).
67. Ananyevskaya, E. et al. Early indicators to C4 plant consumption in central Kazakhstan during the Final Bronze Age and Early
Iron Age based on stable isotope analysis of human and animal bone collagen. Archaeol. Res. Asia 15, 157–173 (2018).
68. Lightfoot, E. et al. How ‘Pastoral’ is Pastoralism? Dietary Diversity in Bronze Age Communities in the Central Kazakhstan Steppes.
Archaeometry 57, 232–249 (2015).
69. Rühl, L., Herbig, C. & Stobbe, A. Archaeobotanical analysis of plant use at Kamennyi Ambar, a Bronze Age fortified settlement of
the Sintashta culture in the southern Trans-Urals steppe Russia. Veg. Hist. Archaeobot. 24, 413–426 (2015).
70. Hanks, B. et al. Bronze Age diet and economy: New stable isotope data from the Central Eurasian steppes (2100–1700 BC). J.
Archaeol. Sci. 97, 14–25 (2018).
71. Gerling, C. Prehistoric Mobility and Diet in the West Eurasian Steppes 3500 to 300 BC. An Isotopic Approach, Topoi. Berlin Studies
of the Ancient World (De Gruyter, Berlin-Boston, 2015).
72. Shishlina, N. I. et al. Plant food subsistence in the human diet of the Bronze Age Caspian and Low Don steppe pastoralists:
archaeobotanical, isotope and 14C data. Veg. Hist. Archaeobot. 27, 833–842 (2018).
73. Riehl, S. Archäobotanik in der Troas. Studia Troica 9, 367–409 (1999).
74. Pasternak, R. Übersicht über die Ergebnisse der archäobotanischen Arbeiten in Kuşaklı 1994–1997 und ein Interpretationsansatz
zu den Befunden. Mitteilungen der Deutschen Orient-Gesellschaft zu Berlin 130, 160–170 (1998).
75. Hunt, H. V. et al. Genetic evidence for a western Chinese origin of broomcorn millet (Panicum miliaceum). Holocene 28, 1968–1978
(2018).
76. Wang, C. et al. Genetic diversity and population structure of Chinese foxtail millet [Setaria italica (L) Beauv] landraces. G3 Bethesda
2, 769–777 (2012).
77. Hunt, H. V. et al. Population genomic structure of Eurasian and African foxtail millet landrace accessions inferred from genotypingby-sequencing. Plant Genome 14, e20081 (2021).
78. Solmaz, T. & Oybak Dönmez, E. Archaeobotanical studies at the Urartian site of Ayanis in Van Province, eastern Turkey. Turk J.
Botany 37, 282–296 (2013).
79. Akhalkatsi, M., Ekhvaia, J. & Asanidze, Z. Diversity and Genetic Erosion of Ancient Crops and Wild Relatives of Agricultural
Cultivars for Food: Implications for Nature Conservation in Georgia (Caucasus). In Perspectives on Nature Conservation – Patterns,
Pressures and Prospects (ed. Tiefenbacher, J.) 51–92 (InTech, Rijeka, 2012).
80. Fuller, D. Q. A millet Atlas (University College London, 2006).
81. Motuzaite-Matuzeviciute, G., Hunt, H. V. & Jones, M. K. Experimental approaches to understanding variation in grain size in
Panicum miliaceum (broomcorn millet) and its relevance for interpreting archaeobotanical assemblages. Veg. Hist. Archaeobot.
21, 69–77 (2012).
82. Longin, R. New method of collagen extraction for radiocarbon dating. Nature 230, 241–242 (1971).
83. Bocherens, H. et al. Isotopic biogeochemistry (13C, 15N) of fossil vertebrate collagen: implications for the study of fossil food web
including Neandertal Man. J. Hum. Evol. 20, 481–492 (1991).
84. Bogaard, A. et al. Crop manuring and intensive land management by Europe’s first farmers. Proc. Natl. Acad. Sci. USA 110,
12589–12594 (2013).
85. DeNiro, M. J. & Hastorf, C. A. Alteration of 15N/14N and 13C/12C ratios of plant matter during the initial stages of diagenesis: Studies
utilizing archaeological specimens from Peru. Geochim. Cosmochim. Acta 49, 97–115 (1985).
86. Ambrose, S. H. Preparation and characterization of bone and tooth collagen for isotopic analysis. J. Archaeol. Sci. 17, 431–451
(1990).
87. van Klinken, G. J. Bone collagen quality indicators for palaeodietary and radiocarbon measurements. J. Archaeol. Sci. 26, 687–695
(1999).

Acknowledgements

This research is part of the ORIMIL Project "Millet crop in the Pre and Proto-historical Caucasus: Origin and
development" funded by a grant from the French National Research Agency (ANR12-JSH3-0003-01, PI E. Herrscher). We thank the LIA program Gates (PI E. Messager and D. Lordkipanidze) and the Confluence Museum
in Lyon (C. Bodet and C. Sermet), for the access to Koban, Kislovodsk and Samtavro collections and financial
support. We are indebted to D. Lordkipanidze, Director of the Georgian National Museum at Tbilisi for his
support with the access to the archaeological materials. Thanks to S. Reinhold, R. Neef, N. Shishlina for their
advice and helpful comments. Radiocarbon dating was performed at Poznan Radiocarbon laboratory under the
supervision of T. Goslar (http://radiocarbon.pl, Poland) as well as at CEA (Saclay, France) under the supervision
of S. Nomade and J.-P. Dumoulin (funded by ARTEMIS program). Stable isotope measurements were run under
the supervision of S. Brookes (Iso-Analytical Ltd, UK).

Author contributions

L.M., E.H. and E.M. contributed equally to this work; E.H., E.M. and L.M. designed the research; N.R., E.L., C.L.,
R.H. and A.S. provided archaeobotanical samples and background information; L.B., G.B., F.L.M., K.K., M.A.,
G.Go., B.M., G.Giu., V.L. provided anthropological samples and archaeological information; N. V. determined
faunal samples; G.A. and E.H. performed the preparation of samples for isotopic analyses; L.M., E.H. and E.M.
wrote the paper.

Competing interests

The authors declare no competing interests.

Scientific Reports |
Vol:.(1234567890)

(2021) 11:13124 |

https://doi.org/10.1038/s41598-021-92392-9

10

www.nature.com/scientificreports/

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-92392-9.
Correspondence and requests for materials should be addressed to L.M. or E.H.
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) 2021

Scientific Reports |

(2021) 11:13124 |

https://doi.org/10.1038/s41598-021-92392-9

11
Vol.:(0123456789)

