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Figure 5: Spatiotemporal distribution of millet sites along with cropping patterns in northern China. Graduated colors of the circles 

indicate the percentages of the counts of foxtail and broomcorn millets at each site. The light-colored shades denote the cultural subregions, 

and the red arrows indicate the spread routes of millet agriculture. 210 

5. Discussion

5.1 Possible biases of archaeobotanical macroremains 

Although foxtail and broomcorn millet could be identified based on clear diagnostic features of their carbonized seed (Liu 

and Kong, 2004) and phytolith morphologies (Lu et al., 2009b; Zhang et al., 2011), the percentage of the carbonized millet 215 

appeared to exhibit a reverse proportion to those of the phytoliths in the archaeological context. The divergence between the 

macroremains and phytoliths may result from several factors, such as the different sources of crop grains and phytoliths or 

biases in the representativeness of quantity. Diagnostic phytoliths of millets were derived from the inflorescence bracts 

(Figures 6G and I), which may have been discarded during threshing and dehusking. Besides, based on the analysis of 

modem crop husk phytoliths, a previous study suggested that the counts of the husk phytoliths of foxtail and broomcorn 220 

millet were proportional to the weights of their seed grains, which reflected the relative production rather than quantities of 

these two millet types (Zhang et al., 2010b). However, even after they were converted into weights, the percentage of 

carbonized millet still contradicted those of the phytoliths recovered from the same sites (Figures 6A–D), such as Anban 

(Liu, 2014; Zhang et al., 2010b), Lajia (Wang et al., 2015; Zhang, 2013; Zhao, 2003), Dongzhao (Luo et al., 2018; Yang et 

al., 2017), and Wangjiazui sites (Zhang et al., 2010b; Zhao and Xu, 2004). Thus, there may be other factors contributing to 225 

this divergence, such as depositional and preservation biases. 

Carbonized macroremains represented only a small and biased sample that had access to the fire, and the survival rates for 

the carbonization process varied among crops (Colledge and Conolly, 2014; Wright, 2003). Experiments on the effects of 

carbonization indicated that the carbonization temperature window of broomcorn millet (250–325 ℃) was smaller than that 

of foxtail millet (270–390 ℃), implying that broomcorn millet was less likely to be carbonized than foxtail millet in 230 

archaeological contexts and thus may be underestimated in the cropping pattern (Märkle and Rösch, 2008; Wang and Lu, 

2020). However, the preservation bias may be the reverse for phytoliths. Based on empirical evidence, the fragments of η-

type phytoliths from broomcorn millet were generally larger than those of Ω-type phytoliths from foxtail millet (Lu et al., 

2009b), implying that broomcorn millet was more likely to be preserved archaeologically and maintain diagnostic attributes 

for identification. In sum, the amount of broomcorn millet may be underestimated in carbonized macroremains and 235 

overestimated in the phytolith assemblage. Thus, further taphonomic research on survival rates should be quantitatively 

conducted for the correction between foxtail and broomcorn millet. 

Furthermore, the way of seed yield may also affect the biases between foxtail and broomcorn millet. Morphological data 

from the northern Chinese Loess Plateau showed that the size of broomcorn millet increased significantly during 5500–4000 
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cal BP, while that of foxtail millet didn’t exhibit an obvious increasing trend (Bao et al., 2018). Given the contemporaneous 240 

increasing human population, the crop yield was supposed to increase to feed a large population. Nevertheless, the increasing 

yields of broomcorn millet may depend on the increase in the seed size, while that of foxtail millet may result from the 

increase in the number of seeds per plant. Thus, the different ways of seed yield may also be one cause of the increase in the 

proportion of foxtail millet within the total seed number of seeds. In brief, both biases in the carbonization process and the 

way of seed yield may have exaggerated the proportion of foxtail millet. 245 

Figure 6: Divergence between flotation and phytolith results recovered from the same sites. (A) Anban (Liu, 2014; Zhang et al., 2010b), 

(B) Lajia (Wang et al., 2015; Zhang, 2013; Zhao, 2003), (C) Dongzhao (Luo et al., 2018; Yang et al., 2017), and (D) Wangjiazui (Zhang et 

al., 2010b; Zhao and Xu, 2004). The crop counts of the flotation results had been converted to weights before calculating the percentages. 250 
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(E–G) Images of charred seeds of foxtail (S. italica), broomcorn (P. miliaceum) millets, and rice (O. sativa), respectively. (H–J) Images of 

diagnostic phytoliths of foxtail (S. italica), broomcorn (P. miliaceum) millets, and rice (O. sativa), respectively. 

5.2 Spatial divergence of cropping patterns in the MLY and APE 

Though the transition from broomcorn to foxtail millet around 6000 cal. a BP occurred in both the MLY and APE (An et al., 255 

2010; Li et al., 2021; Wang et al., 2016), the cropping patterns diversified afterwards to adapt to regional environments, 

which were predominated by foxtail millet in the MLY (Fuller and Zhang, 2007; Lee et al., 2007; Song et al., 2019; Yang et 

al., 2020; Zhang et al., 2014), and emphasized on foxtail and broomcorn millet in the APE (Bao et al., 2018; Sheng et al., 

2018). The spatial divergence of the cropping patterns may be attributed to the crop traits and regional climate.  

Compared to the foxtail millet, the broomcorn millet exhibited better resistance to saline-alkali soil and arid climates (mean 260 

annual precipitation: 400–700 mm vs. 300–500 mm) and required a shorter growing season and lower growing temperature 

constraints (mean annual temperature, 8–10 ℃ vs. 6–8 ℃) (Shanxi Academy of Agricultural Sciences, 1987; Wang, 1996), 

and yet its yield was typically twice as low (1170 kg/hm2 vs. 750 kg/hm2) (Dong and Zheng, 2006). In sum, foxtail millet 

was more productive while the broomcorn millet was more environment tolerant. 

Furthermore, though the East Asian monsoon rain belt had migrated northwestward ~ 150–300 km during the mid-Holocene 265 

(Dong et al., 2021; Yang et al., 2015), the persistent drying trend since the mid-Holocene in northern China (Goldsmith et al., 

2017; Yang et al., 2021) may have formed diverse ecosystems and millet selection. Thus, under a gradual aridification trend 

since approximate 6000 cal. a BP, drought-tolerant broomcorn millet had been replaced by high-yield foxtail millet in the 

subhumid MLY but was still significant in the semiarid APE. 

270 
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Figure 7: Comparison between cropping patterns and demographic and climatic records. (A) Pollen-based annual precipitation 

reconstructed from Gonghai Lake (Chen et al., 2015). (B) Demographic fluctuations inferred from the summed probability distribution of 

radiocarbon dates with 500-year smoothing in North and Northwest China (Wang et al., 2014). (C–F) Comparison of the percentages of 

foxtail (in green) and broomcorn (in blue) millet counts in the MLY and APE. The shaded envelopes indicate the range of 1σ uncertainty 275 
of the percentage values. The yellow vertical bars denote the high precipitation, population levels, and transition of millet in the MLY 

around 6000 cal. a BP. The red dashed rectangle indicates the roughly average values of millet in the APE after 6000 cal. a BP. 
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5.3 Transition and diffusion of millet agriculture in northern China 

Based on the analysis of the archaeological and paleoclimatic records, it appeared that there occurred a diffusion, transition 280 

and divergence of millet agriculture in northern China around 6000 cal. a BP under the combined influence of climate 

change and cultural factors. The reasons are as follows. 

First, although there was a dispute over whether a cooling or warming trend occurred in the late Holocene (Bova et al., 2021; 

Marsicek et al., 2018; Osman et al., 2021), global temperature anomalies reconstructed from a multi-proxy database of 

paleotemperature records exhibited ~ 0.6 °C of warming from 10000 to 6000 cal. a BP (Kaufman et al., 2020; Marcott et al., 285 

2013), known as the Holocene thermal maximum (Renssen et al., 2009). In addition, pollen-based East Asian monsoon 

precipitation exhibited a time-transgressive pattern of the maximum precipitation shift from southern to northern China 

(Zhou et al., 2016a; Zhou et al., 2022), and peak precipitation occurred between 8000 and 5000 cal. a BP in northern China 

(Figure 7A), as indicated by pollen records in the Dali, Daihai, and Gonghai Lakes (Chen et al., 2015; Wen et al., 2017; Xiao 

et al., 2004). Thus, warm and wet climate during 8000–6000 cal. a BP with maximum combination of precipitation and 290 

temperature (Chen et al., 2015; Dong et al., 2022), defined as the Holocene optimum, may have greatly promoted the 

intensification of the millet agriculture shift from broomcorn millet to the productive foxtail millet in the MLY and the 

diffusion of millet agriculture from the subhumid MLY to the semiarid APE. 

Second, the summed radiocarbon probability distribution suggested that the population in North and Northwest China 

experienced a rapid increase and reached a high level during 6500–5000 cal. a BP (Figure 7B) (Wang et al., 2014). 295 

Additionally, an explosive growth of archaeological sites occurred from the early (n = 217) to the late Yangshao periods (n = 

3817) (Hosner et al., 2016), extensively distributed along the middle Yellow River (Figure 8). Consequently, the interaction 

among different cultural subregions unprecedentedly intensified since 6000 cal. a BP and formed the Chinese Interaction 

Sphere (Chang, 1986) or Miaodigou Age (6200–5500 cal. a BP) (Han, 2012). Thus, the cultural expansion and population 

explosion prompted the selection of the productive foxtail millet and the spread of millet agriculture around 6000 cal. a BP 300 

in northern China, coinciding with the origin and diffusion of the Sino-Tibetan evidenced by linguistics and genetics (Wang 

et al., 2021; Zhang et al., 2019). 

Finally, as the main growing area of millet agriculture (He et al., 2017), Chinese loess was generally unsuitable for intensive 

arable production because of the small amounts of total nitrogen and phosphorus in the loess (Catt, 2001). Therefore, field 

management practices, particularly manuring, played significant roles in the intensification of millet agriculture in northern 305 

China. Modern field experiments suggested that the manuring (animal waste) of cereal crops could significantly elevate their 

δ15N values above those grown in natural or unmanured soils (Bogaard et al., 2013), with an offset range of 5–7‰ for millet 

(Christensen et al., 2022). Elevated nitrogen isotope values of the millet grains recovered from the Baishui valley indicated 

the use of animal manure as a growth-promoting factor since the late Yangshao period (Wang et al., 2018b). Besides, a 

recent study in the Dadiwan site also suggested an intensive crop–livestock system was in practice around 5500 cal BP 310 

(Yang et al., 2022). Considering the yield of foxtail millet was typically twice that of broomcorn millet, the dramatic 
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increase in soil fertilization may promote the conscious choice of high-yield foxtail millets to maximize agricultural 

productivity. 

315 

Figure 8: Distribution of the archaeological sites of Yangshao culture. (A) Distribution of archaeological sites during the early Yangshao 

period (7000–6000 cal. a BP). (B) Distribution of archaeological sites during the middle and late Yangshao periods (6000–5000 cal. a BP). 

Representative painted pottery basin with the fish design of the Banpo phase (A) and the petal design of the Miaodigou phase (B). 

6. Data availability 320 

Dataset of archaeobotanical macroremains including absolute counts and weights of staple crops, and percentage of counts 

and weights for each sites together with their locations and ages are available at the open-access repository Zenodo (He et al., 

2022; https://doi.org/10.5281/zenodo.6669730) 

https://doi.org/10.5281/zenodo.6669730
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7. Conclusion 

Based on the synthesis of archaeobotanical macroremains spanning the Neolithic and Bronze Ages in northern China, our 325 

study determined the distinctive spatiotemporal patterns of millet agriculture in the MLY and APE. On the one hand, millet 

agriculture spread westward and northward from the MLY to the APE around 6000 cal. a BP. On the other hand, the 

cropping patterns diversified in the MLY and APE after the transition from broomcorn to foxtail millet around 6000 cal. a 

BP to adapt to regional environments. The diffusion and transition of millet agriculture in northern China around 6000 cal. a 

BP may have been driven by the combined influence of warm-wet climate, population pressure, and field management. 330 

Afterward, the persistent drying trend since the mid-Holocene may have formed the millet agriculture emphasized on the 

foxtail millet and drought-tolerant broomcorn millet in the APE. 
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