
1. Introduction
The origin and propagation of agriculture not only promoted human socioeconomic development 
but also fundamentally changed the role of humans in Earth's ecosystems (Boivin et  al.,  2016; Fuller 
et al., 2014; Gremillion et al., 2014; Larson et al., 2014; Ruddiman et al., 2016). Two main domesticated C4 
crops, foxtail millet and common millet, were the staple foods in the semiarid regions of East Asia (Miller 
et al., 2016). Although the role of North China as the center of origin of millet agriculture has received 
widespread research attention (Barton et al., 2009; Cohen, 2011; Crawford, 2008; Lu et al., 2009; Yang 
et al., 2012), the factors driving the origin of millet cultivation are still debated (Cohen, 2011; Gignoux 
et al., 2011; Yang et al., 2018; Z. Zhao, 2011). Three types of hypotheses are commonly used to explain the 
rise of agriculture. One suggestion is that the principal driver was the stress induced by climatic insta-
bility (Bar-Yosef, 2011); a second is that it was related to socioeconomic competition (Hayden, 2009); and 
a third is that it was a co-evolutionary process with the environment (Bettinger et al., 2015). The key to 
testing these hypotheses is to distinguish between natural or anthropogenic factors during the transition, 
and to this end it is important to find a suitable region where evidence of early millet cultivation is avail-
able and which is sensitive to climate change.

Abstract The origin of C4 agriculture in China, foxtail millet (Setaria italica) and common millet 
(Panicum miliaceum), remains unclear. Here we conducted a comprehensive geochemical study of the 
archeological site of Chahai in Northeastern (NE) China and deduced that higher C4 biomass in the 
cultural layers was mainly caused by agricultural practices and other human activities. To evaluate the 
anthropogenic factors involved in millet domestication, we produced a time series of contour maps of C4 
biomass for North China since 14 ka and integrated archaeological data. Results show that the origin and 
development of millet agriculture was nearly synchronous with the increase in C4 biomass in the early-
mid Holocene, but the synchrony was decoupled at ∼4 ka when millet cultivation was established in NE 
China. Our findings suggest that both human management (possibly cultivation) of C4 plants, and an 
environmental background of high C4 biomass drove the origin of millet agriculture.

Plain Language Summary The evidence of the earliest domesticated millet comes from 
North China, however, it is unclear which factors were responsible. We conducted a multiproxy study 
on the archeological site of Chahai in NE China. The results show that higher estimated C4 biomass 
in the cultural layers was related to human factors, mainly agricultural practices, in the step-by-step 
process of millet domestication. To further evaluate these factors, we used published data to determine 
the relationship between the regional C4 biomass of the natural background and the history of millet 
agriculture. Research reveals a near-synchronous relationship between the origin and developmental 
stage of millet in the early-mid Holocene, but that these two processes became decoupled during the 
establishment of millet agriculture in the late Holocene. We conclude that human activities involving C4 
crops together with the favorable ecological background led to the origin of millet agriculture.
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The West Liao River Basin in NE China is highly suited for an investigation of the origin and development 
of millet agriculture (Shelach, 2000). Analysis of the charred macrobotanical remains from the Xinglongwa 
site shows that morphology-based millets were an important food source for the local population during 
8.0–7.5 ky BP (kilo years Before Present) (Y. G. Sun, 2015; Z. Zhao, 2011). Other archaeological studies of 
the early agriculture in the area have been conducted by predecessors (Jia et al., 2016; Liu et al., 2012, 2016; 
Shelach et al., 2019). However, previous research focused mainly on the origin and propagation of millet 
agriculture in time and space using the analysis of plant remains at archaeological sites, paying less atten-
tion to the factors driving the origin of millet agriculture based on analysis of buried cultural layers. Here, 
we conducted a study of the multiphase cultural strata of the Chahai archaeological site using Accelerator 
Mass Spectrometry (AMS) 14C dating and analysis of stable carbon isotopes, pollen, and micro-charcoal of 
sediments. We compared the δ13C values of the cultural layer with environmental records to determine the 
possible factors responsible for the domestication of millet. We also collected archeological data and carbon 
isotope data for North China since 14 ka to explore the relationship between the history of C4 agriculture 
and the regional C4 biomass for a better understanding of the origin of millet domestication.

2. Materials and Methods
The West Liao River Basin is located at the southeastern margin of the Eurasian steppe (Figures 1a and 
1b). Most of the region experiences a semi-arid temperate monsoon climate, characterized by hot and 
humid summer with rainfall representing ∼80% of the annual total. The mean annual precipitation and 
temperature are 300–600 mm and 5.0°C–6.5°C, respectively (Source: http://data.cma.gov.cn/). Due to 
its distinctive geographical location and natural conditions, the region has been a major corridor of hu-
man migration and cultural exchange since the late Paleolithic (Table S1). The Chahai site (42°11'2"N, 
121°48'2"E, 274  m a.s.l), located ∼2.5  km southwest of Chahai village, is one of the most important 
prehistoric sites in northern China. Abundant stone tools, dragon-patterned pottery and more than 30 
houses have been discovered after seven systematic investigations (Liaoning Provincial Institute of Cul-
tural Relics and Archaeology, 2012). The Chahai culture is dated to 8.2–7.0 ka, and multiple lines of 
evidence indicate the onset of sedentism and social hierarchy at this time (Dian & Yan, 1994). For these 
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Figure 1. (a) Trajectories of the major atmospheric circulation systems of North China (after Xiao et al., 2004). (b) Topography and drainage of the study region 
and locations of the sampling site, and other sites mentioned in this study. (c) Location of the Chahai site and the Chahai-1 section.

http://data.cma.gov.cn/
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reasons, the site is known informally as “the birthplace of Chinese dragon culture” and “the first vil-
lage in North China." The Chahai site is a typical example of the Xinglongwa culture, and the study area 
is generally regarded as the earliest millet farming center in North China (8.2–7.0 ka).

The Chahai-1 section is ∼500 m from the main excavation area of the Chahai site (Figure 1c). The li-
thology of the section consists of seven layers of clay and sand, and it can be correlated with the strata 
at the main site based on radiocarbon dates and typological analysis of unearthed artifacts. Layers 2–5 
belong to the cultural deposit, and its characteristics are closely related to human activities. Notably, car-
bonized seeds of foxtail millet were found at 160–180 cm, which is direct evidence of early millet-based 
agriculture. We collected 44 samples at 10-cm intervals for stable carbon isotope and pollen analysis and 
selected seven charcoal samples for AMS 14C dating. The dating results and stratigraphic information 
are shown in Table S2 and Figures S1–S2. The C4 biomass is the percentage of C4 plants estimated for 
the surrounding area, which was calculated by applying the measured δ13C values to an established 
mass-balance equation (Text S3, Table S3) (Wang et al., 2008). The detailed experiment information of 
stable carbon isotope and pollen analysis are given in Text S4.

3. Results and Discussion
3.1. Chronological Sequence and δ13C Characteristics of Cultural Layers

The calibrated 14C dates show that the section preserves an environmental record of the past >12.7 ka. 
Notably, there is a minor age reversal in the middle of the section. Causal factors such as analytical errors 
and tectonic influences and other natural disturbances can be excluded, and instead, given that several 
artifacts are present at this level, it is possible that the anomaly is related to human activities; a similar 
phenomenon exists at the main site (Liaoning Provincial Institute of Cultural Relics and Archaeolo-
gy, 2012). Based on the chronology, the age ranges of the four cultural layers are 12.7–12.5 ka, 10.2–9.3 ka, 
7.2–6.3 ka, and 2.1–1.9 ka, and the intervening strata may be affected by human activities or subsequent 
erosion (Q. J. Yang et al., 2020). The results of δ13C and C4 biomass for the Chaihai-1 section are presented 
in Figure 2a. Two major points can be made about the results: (1) the average δ13C values of each cultural 
layer from 380 to 50 cm is −22.8‰, −22.3‰, −22.0‰, −21.9‰, and −21.4‰. This shows that, except for 
narrow intervals at the bottom and top of the section, the δ13C values exhibit a gradually increasing trend. 
The mean C4 biomass exhibits a similar trend. (2) The standard deviation of δ13C values below 200 cm 
is 0.75 with the range of −22.2‰ to −21.2‰, and above 200 cm the amplitude of variation of the values 
is lower. No human-related remains were found in the interval of 440–380 cm, and the presence of mi-
cro-cross-bedding structures and the transition to the lower sand layer imply that the signals of carbon 
isotopes were affected by the water flow. Therefore, here we focus on the part of the section above 380 cm 
where there is no evidence of contamination.

Distinguishing the source of carbon isotopes in the cultural layers is a prerequisite for understanding 
their implications (Farquhar et al., 1989; Michener & Lajtha, 2008). Since comparison with similar nat-
ural records contributes to determining the factors controlling δ13C values of the cultural layer, here we 
choose the section at Niuyangzigou, located 50 km west of the Chahai site (Lu et al., 2015). The δ13C 
characteristics of the interval of 250–110 cm in the Chahai-1 section, which corresponds to the black 
loam S0 soil, were compared with those of the paleosol layers S0-S5 in the Niuyangzigou section, which 
developed during the warm interglacial periods since 350 ka. The results show that the average values of 
the Chahai-1 section are ∼2‰ higher than those of the paleosols (Figure 2b). Compared to the Holocene 
Climatic Optimum, temperatures during the formation of paleosols S3 and S5 were higher and therefore 
environmental conditions were more conducive to the growth of C4 vegetation (Lyu et al., 2018). This 
suggests that differences in climatic factors were not responsible for the higher δ13C values at the Cha-
hai-1 section, which are 2∼4‰ higher than those of the various sedimentary archives from elsewhere in 
NE China (δ13C27–31 values have been corrected in Text S3). Furthermore, the δ13C values at Chahai are 
similar to those on the northern Loess Plateau, at a lower latitude, indicating that the “latitude effect” of 
isotopic fractionation is insufficient to fully account for this difference. Therefore, we conclude that, in 
addition to natural factors, human activities have also influenced the carbon isotope composition of the 
cultural layers of the Chahai-1 section.
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The pollen and charcoal records from the Chahai-1 section reveal the influence of agriculture and deforest-
ation during the early-mid Holocene. In contrast to the pollen records from Bayanchagan Lake, Dali Lake, 
and Sihailongwan Lake (Jiang et al., 2006; Stebich et al., 2015; Wen et al., 2017), calculations of the per-
centage tree cover in our section decreased by almost 35% during 7.2–6.3 ka, corresponding to the Holocene 
Optimum (Figure 2a). This suggests the occurrence of substantial deforestation within the study area. Al-
though the concentration of micro-charcoal in the Chahai-1 section was not very high, field observations 
revealed the presence of abundant fine burnt material in 250–110 cm, implying the occurrence of slash-and-
burn during this period. Moreover, the presence of carbonized domesticated millet seeds suggests that the 
deforestation, and associated swidden agriculture activities, were related to the expansion of C4 cultivation, 
which is demonstrated by experimental studies showing that the C4 biomass below 30-cm depth increased 
by 4.5%–5.0% on average per year by planting maize (Tu et al.,  2018). Meanwhile, a high proportion of 
C4 plants starch (millet and Setaria >90%) extracted from millstones at Chahai indicates the centralized 
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Figure 2. (a) Records of δ13C, C4 biomass, charcoal concentration, and tree (%) pollen of the Chahai-1 section, and comparison with regional tree (%) pollen 
from three lake records (Jiang et al., 2006; Stebich et al., 2015; Wen et al., 2017). (b) Comparison of the δ13C values from the Chahai-1 section with those of other 
sediments in North China.
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utilization and likely cultivation of C4 crops (Wu, 2015). The cumulative effect of this process would be 
expected to account for the ≥ 2‰ δ13C difference in the cultural layer. The foregoing evidence suggests that 
land clearance, tillage, and cultivation, these critical steps in the crop domestication according to the forag-
ing-to-agriculture continuum model (Fuller, 2007), occurred at Chahai in the early Neolithic.

3.2. Variation of C4 Biomass in the Chahai-1 Section and Their Implications for C4 Agriculture

To interpret the δ13C of the Chahai-1 section, we collated all of the published stable carbon isotopes records 
that involve soil organic matter and long-chain n-alkanes from nearby sites (Table S6). The latter was used 
to calculate the C4 biomass of terrestrial vegetation using an empirically-based formula (Meyers & Lalli-
er-Vergès, 1999) (Text S3). The time-slice maps with a 500-year resolution illustrate changes in the C4 biomass 
of NE China since 14 ka. Three lake records with a higher resolution were selected to minimize bias caused 
by sediment types. Sifangshan Lake, Moon Lake and, Xiaolongwan Lake are Maar lakes, and the stable car-
bon isotopes measurements reflect a natural environment without human influences (Chu et al., 2014; Liu 
et al., 2010, 2017). The results show that the δ13C values recorded in three Maar lakes increased by 4–6‰ from 
13 ka to 11 ka (Figures 3a–3e). The near-simultaneous increasing trends in carbon isotope from multiple re-
cords indicate that the terrestrial C4 vegetation in NE China expanded at the beginning of Holocene, with the 
average C4 biomass increasing by ∼5%. In the early Holocene, all of the carbon isotope records generally show 
high values or they continued to increase. Chahai-1 section shows a similar increasing trend. However, the 
δ13C values of the lake sites gradually decrease and the average C4 biomass was reduced by nearly 3% in the 
late mid-Holocene, while the values in the Chahai-1 section continue to increase.

Multiple records have confirmed that temperature was the principal factor controlling changes in the 
stable carbon isotope composition of vegetation in NE China and the expansion of C4 vegetation, and its 
positive effect exceeds the negative bias of precipitation and atmospheric CO2 content (Lu et al., 2015; 
Lyu et al., 2018) (Figures 3g–3i). However, temperature control cannot explain the continuous increase in 
the δ13C value after 7.0 ka at Chahai. Therefore, we conclude that anthropogenic factors, mainly agricul-
tural practices, began to exert an increasing influence on the δ13C values of the cultural layers at Chahai 
(Figure 3f). Moreover, farmers typically plow and loosen the upper ∼30 cm of the topsoil to increase the 
crop yield, resulting in the mixing and homogenization of the tillage layer (Alcántara et al., 2016). Given 
the emergence of agricultural implements such as stone plow and stone hoe in the study area at 6.5–6.0 
ka (J. X. Liu & Dong, 1996), the decreasing variance of δ13C values over time (the standard deviations for 
the lower, middle and upper parts of cultural deposits are 0.36, 0.12, and 0.07) may indicate an increasing 
intensity of the cultivation practices associate with C4 crops in the transition from foraging to farming.

To test the above viewpoint, we further collated the published archaeological data in the study area (Fig-
ures 3j–3l). These data consist of the following: (i) the probability distribution of archaeological dates in NE 
China since 14 ka, which is considered a reasonable proxy for prehistoric demographic fluctuations (Wang 
et al., 2014) (Figure 3j). (ii) Latitudinal changes in the occurrence of millet remains in northern China (Leipe 
et al., 2019; Li et al., 2020) (Figure 3k). (iii) The proportion of millet remains in the flotation results and millet 
starch grains extracted from the grinding tools at Neolithic sites located within 0–150 km northwest of the 
Chahai site (Jia et al., 2016; Ma et al., 2016; Y. G. Sun, 2015) (Figure 3l), which can be used to semi-quantita-
tively evaluate the importance of millet in the prehistoric human economies (Gremillion, 2014). The results 
indicate an increasing population size with an increasing focus on C4 crop cultivation that ultimately ended 
with the domestication of millet, consistent with the stable carbon isotope measurements at Chahai. The aver-
age difference value of C4 biomass between the Chahai-1 section and the integrated natural record may indi-
cate the enhancement of early human management and planting of C4 crops at the Chahai locale (Figure 3f).

3.3. Relationship Between C4 Biomass and the History of C4 Agriculture in North China During 
the Holocene

To assess the changes in the relative influences of anthropogenic and natural factors in millet domestication 
from a wider spatio-temporal scale, we established a new database by summarizing the published dates of 
archaeological sites and millet remains in North China since 14 ka. We divided the history of millet agri-
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culture into the following five stages: exploratory (14.0–11.5 ka), origin (11.5–7.0 ka), development (7.0–5.5 
ka), spread (5.5–4.0 ka), and maturity (4.0–0.0 ka), based on the distribution of the probability density 
(Figure S3). In addition, we collated the published carbon isotope data and produced the first C4 biomass 
contour maps for the whole of northern China for the five periods defined above.

Figure 4 shows that the northern boundary of the C4 ecosystem advanced by ∼4° northward in 12.0–10.0 ka. The 
mean C4 biomass reached its highest level during 10.0–9.0 ka and maintained a high value with 6%–8% until 7.0 
ka. The earliest domesticated millet appeared in NE China during this interval (Zhao, 2014). The 5%–20% con-
tour line of the central and western parts of northern China, including at Chahai, continued to advance north-
ward during 7.0–6.0 ka, although the average C4 biomass decreased slightly (mainly in the eastern part of NE 
China). However, the C4 ecosystem retreated by 2°–3° to lower latitudes during 5.5–4.0 ka. Millet remains almost 
disappeared in NE China while expanding rapidly in the Yellow River Basin (Hosner et al., 2016), which may be 
caused by a temperature decrease at the end of Holocene Optimum given that millets are characterized by a high 
sensitivity to temperature changes (Marcott et al., 2013; Nematpour et al., 2019). The C4 biomass continued to 
decrease slightly, but millet reappeared and expanded in NE China after 4.0 ka (Jia et al., 2016).

Our research shows that millet cultivation in NE China originated and developed under the ecological 
background of increasing C4 biomass, and its propagation stage likely corresponds to the decrease of C4 bio-
mass. Therefore, the history of millet agriculture and the change of C4 biomass have a certain synchronous 
relationship in the early-mid Holocene although there is a 2.0 ka time difference between the first peak of 
the two (C4 biomass in 9.5–10 ka and millet agriculture in 7.5–8.0 ka). However, the re-emergence of millet 
at the Lower Xiajiadian culture sites in NE China and its absolute dominance in human economies despite 
a low natural C4 biomass background marked a decoupling of the synchronization between environments 
C4 and anthropogenic C4 cultivation around 4.0 ka. This may indicate that anthropogenic factors began to 
surpass natural factors in millet domestication within a certain interval threshold of C4 biomass.

Research on the relationship between C4 biomass and C4 agriculture contributes to the exploration of the 
driving factors and mechanisms of the origin of millet agriculture. For the arid and semi-arid regions of 
North China, the increasing C4 biomass implies an amelioration due to its high coincidence with modern 
isohyets (S. Yang et  al.,  2015). Therefore, our results suggest that continuous human behavior (perhaps 
management or cultivation) of C4 plants, against the natural environmental background of the increasing 
C4 biomass, providing an important setting for the origin of millet agriculture. These two factors drove the 
origin of millet agriculture in NE China in the following aspects. First, the increasing C4 biomass resulted 
in an increase in the number and diversity of potential C4 crops, including millets and their wild ancestors, 
which increased the probability of millet being utilized by humans (Z. Zhao, 2005). Second, previous studies 
have indicated that the expansion of C4 vegetation played a critical role in dune stabilization of north de-
serts by reducing soil erosion and enhancing soil organic matter accumulation (Guo et al., 2019), acting to 
maintain a favorable environment for sedentary prehistoric humans. Third, the expansion of the C4 biomass 
is accompanied by a wetter climate and a more productive ecosystem, increasing the availability of poten-
tial food resources (L. Liu et al., 2016). This provided more opportunities for humans to attempt to manage 
various C4 plants. The final amelioration of the climate was followed immediately by the beginnings of C4 
plant intensive resource use strategies in some areas, which led to the emergence of early C4 agriculture and 
the growth of population. Also, an increasing population necessitated an increased food supply, which fur-
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Figure 3. Comparison of carbon isotope records, climate indices and archaeological data in NE China since 14 ka. The 
vertical bars with shadows correspond to the history of millet agriculture (more details see Section 3.3). (a) δ13C values of 
the Chahai-1 section (this study). (b) δ13C27–31 values at Sifangshan Lake (Liu et al., 2017). (c) δ13C values of bulk organic 
matter at Moon Lake (Liu et al., 2010). (d) δ13C27–31 values at Xiaolongwan Lake (Chu et al., 2014; Sun et al., 2016). (e) 
Change in C4 biomass (500-year resolution) for NE China since 14 ka (this study). (f) Average difference in C4 biomass 
between the Chahai-1 section and synthesis natural records without human influences (this study). (g) Pollen-based 
warmest-month temperature record from Sihailongwan Lake (Stebich et al., 2015). (h) Ice core record of CO2 concentration 
from Dome C (Monnin, 2001). (i) East Asian Summer Monsoon variations indicated by the δ18O record of Lianhua cave 
(Zhang et al., 2013). (j) Probability density of archaeological dates in NE China since 14 ka (data from Dong et al., 2020; 
Wang et al., 2014). (k) Latitudinal and temporal distribution of the millet sites in North China (data from Leipe et al., 2019; 
Liu et al., 2008). (l) Proportion of millets in flotation samples (red curve) and millet starch extracted from grinding tools 
(black curve) from Neolithic sites in the study region (data from Jia et al., 2016, Ma et al., 2016; Y. G. Sun, 2015).
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ther promoted the intensification and spread of millet agriculture (Lele et al., 1989). This positive feedback 
shows a progressive co-evolutionary model. Furthermore, the ∼2-ky offset between the first peak in the C4 
biomass and millet remains further confirms that the domestication of wild plants was typically a process 
rather than an event (Flannery, 1973; Rindos, 2013). Overall, it is undeniable that C4 biomass expansion 
and human behavior were the prerequisites for the rise to prominence of millet as a cultivar in NE China.

4. Conclusions
We conducted a comprehensive study of the cultural layer of the Chahai site, combined with a comparison 
with available environmental records, to show that the higher C4 biomass in the vicinity of the site was 
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Figure 4. Contour maps of C4 biomass and the spatiotemporal distribution of archaeological sites with millet remains in northern China since 14.0 ka (data 
from Dong et al., 2020; Leipe et al., 2019; Liu et al., 2008; Wang et al., 2014).
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caused by practices associated with C4 plants cultivation and related human activities. To evaluate changes 
in anthropogenic factors behind the millet domestication, we mapped the spatiotemporal changes of C4 
biomass and integrated archaeological data reflecting the history of millet agriculture in North China since 
14 ka. Results show that millet agriculture originated and developed in the context of a higher C4 biomass, 
with a near-synchronous relationship; however, the two became decoupled at ∼4 ka, when millet cultiva-
tion became established but the environmental background of C4 biomass decreased. Our findings suggest 
that human activities such as the management or cultivation of C4 plants, against the background of a high 
C4 biomass, were together responsible for the origin of millet agriculture.

Data Availability Statement
The research data have been submitted to the datasets of 4TU Centre for Research Data (http://doi.
org/10.4121/uuid:55149db6-76ca-4dff-9923-02440aa5ce84).
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