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Editorial on the Research Topic


Frontiers in the study of ancient plant remains


Scholarly curiosity about ancient plants and their roles in projected archaeology can be traced back to the 19th century when archaeologists frequently encountered charred and desiccated remains at prehistoric sites in Europe and Egypt (Renfrew, 1973). Among the early explorers, Oswald von Heer’s (1865) work at Swiss Lake dwellings resonates much with modern-day inquiries and is often associated with the birthplace of paleoethnobotany. From the 1960s onwards, the study of ancient plant remains has been intricately entwined with the emerging concerns of food production and subsistence, and generally foodways in its multiple facets, dietary and symbolic, ecologic and economic, environmental and political in a range of environments can be categorized as the ‘West’, including southwestern Asia, Europe and North America (Higgs, 1972; Renfrew, 1973; Watson, 1976).

Much of the recent developments are from the global south, including East Asia, about which little was known archaeobotanically a few decades ago. The recent flourish over the last decade or so has been a transformative time in which considerable momentum was forged towards a better understanding of Asian prehistory. The consequent knowledge generated has profound implications for the understanding of the human past on a more global scale (McRostie, 2013; Liu et al., 2019; Pavlik et al., 2021; He et al., 2022). The 26 manuscripts included in this Research Topic celebrate the recent florescence and its deep roots. Collectively, the authors played a role in bringing novel lab and field-based practices into the enterprise and in bridging conceptual gaps between different theoretical strains. The interdisciplinary studies presented in the topic elucidate the spatial and temporal scales of recent development emphasizing not only on the plant itself but the humanity underlying its production and consumption.

The 26 papers in this Research Topic can be summarized into four main themes: methodological improvement, research on the relationship between ancient human activities and the environment, early food production, and paleoenvironment, paleoecology and climate changes. The methodological studies include ethnological methods, microbiological analysis, fossil morphology and stable isotope studies, etc. These advances in methodology provide a deeper understanding of the relationship between human activities and the environment.

An et al. conducted innovative ethnological research on the utilization of acorns (Quercus sp.) in the prehistoric period, through a case study of the production of “mook” using acorns in South Korea. The study highlights the laborious nature of acorn processing and the different methods used, due to different species and culinary traditions. This research provides new insights into the interpretation of acorn remains from prehistoric sites and is significant for the understanding of human subsistence strategy in the pre-agricultural period and the origin of agriculture (Fuller and Qin, 2010).

Liu et al. conducted microbotanical analysis on soil from anthropogenic sediments in activity areas at Tel Tsaf in the Jordan Valley, Israel. The researchers found fiber microremains, including bast fibers and the earliest evidence of cotton in the Near East (ca. 5,200-4,700 cal BC), some of which were dyed in various colors. The cotton remains probably derived from wild species originating in South Asia predating the oldest known cotton domestication in the Indus Valley by about two millennia.

Ancient plant remains, including macrofossils and microfossils, are the most important evidence for revealing issues such as human plant utilization and natural vegetation succession in prehistoric and historical periods (Piperno et al., 2004; Piperno, 2006; Zhao, 2010; Ball et al., 2016). One of the directions that the archaeobotanical (or paleoethnobotanical) community has always been working on is the improvement of caretia for fossil identification and the precisions of such caretia (Taylor et al., 2009).

Carbonized cereal grains are one of the most commonly preserved plant fossils in archaeological contexts, and the influence of the carbonization process on seed morphology is particularly worthy of attention, which is related to the accuracy of fossil identification (Yang et al., 2011; Castillo, 2018). In their article, Liu et al. highlighted the importance of the charring effect on bread wheat (Triticum aestivum), foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), rice (Oryza sativa), and soybean (Glycine max) in archaeological interpretation. They found that temperature and exposure time directly affect grain size, with the grains of most species shrinking at lower temperatures and expanding rapidly at higher temperatures.

In addition to the charring effect on plant fossil morphology, Dong et al. investigated the charring effect as well as growing conditions on plant isotope compostitions. They found that the stable nitrogen isotope values of foxtail millet and broomcorn millet can shift up to 1-2 ‰ when charred, while the stable carbon isotope values change less than 0.3 ‰. They further evaluated the feasibility of using stable carbon and nitrogen isotope analysis of charred archaeobotanical remains and suggested that the stable nitrogen isotope values of charred millet seeds could provide insight into past field management practices. Both carbon and nitrogen isotope values can be informative on ancient diets, combining with other lines of evidence such as zooarcaheological and archaeobotanical infomration.

In the studies of microfossils, Yu et al. demonstrated the potential of seed starch grains as proxies for reconstructing ancient plant use. The study analyzed nuts from 40 species of four genera of Fagaceae from South China for statistical measurement and comparative analysis of starch grains. The results showed that 34 species had high accumulation of starch grains, and the morphological characteristics varied between species but were similar between species in the same infragenious section. This expansion of modern starch research and comparison helps to improve the accuracy of identifying ancient starch and deepen our understanding of ancient human plant utilization.

In the studies of phytolith morphology, Ge et al. investigated the production and morphologies of phytoliths in modern plants on the Tibetan Plateau. The study found that the major phytolith producers are Poaceae and Cyperaceae, and the production of phytolith in most samples is higher than 0.4 million grains/g. Phytolith morphotypes may indicate different hydrological conditions on the Tibetan Plateau, providing new information that will aid future phytolith analysis in the region. Furthermore, Wang et al. analyzed morphological characteristics of phytoliths from a total of 111 species from 50 families, including 73 species from 33 tree/shrub families, 31 species from 12 herb families and 7 species from 5 fern families, in the low latitudes of Southwest China. The results suggest that those phytoliths are mainly deposited in situ and have unique characteristics that are representative of the low-latitude subtropical monsoon climate.

Another theme that emerges from this topic is the role of subsistence strategies and environment in shaping human-plant interactions, based on the evidence from ancient plant remains. Four papers revealed that changes of human subsistence since the Neolithic were likely triggered by variations in human settlement intensity (Yang et al.), environment and climate changes of different time scales in different regions (Liu et al., Gao et al. and Jia et al.), and a review of the relationship between environmental changes and subsistence strategy from the Shunshanji cultural region in the Huai River in Central China revealed the complex interplay between human behavior and environmental changes (Qiu and Rao).

Human impacts on physical environment has been well discussed in recent research. Such relationship can be sometimes altered. Dai et al. illustrated how the subsistence of the Neolithic people in South Hangzhou Bay, China, changed as the landscape evolved from a largely marine-influenced setting to a coastal plain. Initially, the semi-enclosed landscape provided resources for hunting, gathering, and possibly some incipient rice cultivation. As the Yaojiang Valley wetland desalinized, rice farming became more common and increasingly important in the Neolithic people’s diet, suggesting that the shift of subsistence from hunting-gathering to rice farming was an adaptive strategy to the changing landscape. Zhang et al. also presented a case study of the interaction between early human activities and landscape evolution in the piedmont of Taihang Mountain in China. The study found that shrinking of flooded areas due to river downcutting and watercourse fixation from the late Longshan culture (after 4000 BP) created a suitable habitat for human settlement, leading to large-scale human migration to the area and the growth of early civilization.

The papers in this tropic also offer new insights into the early development of agriculture and food production from the late Pleistocene to the historical epoch in East Asia. Wu et al. examined the starch grains found in dental calculus from Fuyan Cave hominins in Daoxian, South China, believed to be the earliest modern humans in East Asia. The results showed that early modern humans in East Asia consumed a diet consisting of acorns, roots, tubers, grass seeds, and other plant resources during Marine Isotope Stage 5 (MIS5) between 120 and 80 ka. The findings suggested that acorns may have played an important role in subsistence strategies and may have been a part of the long-lasting tradition of using these plants during the late Pleistocene in China.

With the arrival of the late Neolithic, millets (Setaria italica and Panicum miliaceum) paired with wheat (Triticum aestivum), barley (Hordeum vulgare), buckwheat (Fagopyrum esculentum) and beans (Leguminosae) became staple crops in human subsistence that lasting to the historic period of northern China (Yang et al., He et al., Liao et al., Lu et al., Li et al.). While in southern China, rice remains were widespread and were often paired with millets, job’s tears (Coix lacryma-jobi), lotus roots (Nelumbo nucifera), possibly Chinese yam tubers (Dioscorea panthainca), acorns (Quercus sp.), and beans (Vigna sp. or/and Vicia sp.) (Khan et al.) and other northern dryland crops, such as wheat and barley (Yang et al.). These newly introduced crops, along with rice, formed a multi-cropping system that served as the part of the economic foundation for the rise of the regional culture, such as Chu kingdom during Eastern Zhou Dynasty (770-256 BCE). The two distinct agricultural systems in northern and southern China, which were complementary in terms of diet and had positive interactions and feedback, led to the sustainable intensification of agriculture and the emergence of complex societies and early states in the Yellow and Yangtze Rivers (He et al., 2022).

In Southeast Asia, Deng et al. provided evidence that Neolithic farmers in Taiwan cultivated both rice and foxtail millet at least 4,500 years ago. These findings support the hypothesis that proto-Austronesian people brought their crops and cultural traditions from the southeast coast of mainland China to Taiwan 4,800 years ago and beyond into Island Southeast Asia. Wang et al. further analyzed micro-plant remains from three Neolithic sites in Ha Long Bay, Vietnam and found evidence of the earliest co-cropping of rice and foxtail millet in the region 4000 years BP. This study also revealed the diversity of subsistence strategies among different cultural groups in Vietnam.

One of the research areas in plant remains that has seen major advances in the recent decades is paleoclimate and paleoenvironment. In this theme, Li et al. found that the different subtropical biomes could be distinguished by phytolith assemblages, with tree coverage being best represented by topsoil phytoliths, and grass silica short cell phytoliths (GSSCP) occurring more frequently in open habitats at higher elevations. It was also suggested that human-induced deforestation could increase the frequency of GSSCP.

Based on the modelling approach (The Regional Estimates of Vegetation Abundance from Large Sites, REVEALS), Niu et al. reconstructed the past regional plant cover and explored the influence of climate, fire, and human activity on vegetation dynamics. The results show that long-term vegetation dynamics were primarily driven by the East Asia Summer Monsoon and precipitation variations, but were also impacted by fire frequency and human activity. This study concluded that the East Asian Summer Monsoon and precipitation were the main drivers of vegetation change, while fire had a greater impact than human activity.

Overall, the 26 papers included in this topic demonstrate the rich diversity of human-plant interactions throughout history and the importance of studying ancient plant remains to better understand human culture and subsistence practices, resonating with the recent momentum gained in the field of Archaeology and Paleoenvironment (Cappers and Neef, 2021). This collection of papers highlights the frontiers in the study of ancient plant remains and sets the stage for future research in this exciting and dynamic field.

As introduced, one of the consequences of the recent development of paleoethnobotany in Asia has been to encourage pluralism in understanding human-environment interactions and biodiversity. These recent progress serves to undermine some of the assumptions we have held for long based merely on western conditions, including some of the basic concepts such as agriculture and pastoralism. In this context, research focus on past challenges has a 21st-century resonance and applicability. There has been an impressive development in understanding the underlying biology of plant morphology and their responses to human activities, as showcased by this Research Topic. Nonetheless, their applications in social and cultural frameworks have yet to be fully explored. Excellent work in this domain is nevertheless limited by the lack of a general theoretical structure to recognize how plant enters the moral and social intentions of individuals and communities. This is indeed a new frontier in which future research will bolster our current strengths while bridging the gap between the biology of ancient plants and how they were used to maintain social relations.
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The upper Yellow River valley in the northeastern Qinghai–Tibetan Plateau (QTP) is an important corridor for prehistoric migration to the hinterland plateau. However, most studies have focused on the Neolithic Age, with limited evidence for earlier periods. The Shalongka (SLK) site on the northeastern QTP spans the Epipaleolithic to Bronze Age and contains cultural deposits, so provides a good basis for unraveling the evolutionary history of the human-land relationship. In this study, we sampled the 420-cm-thick section T1406E at the SLK site and undertook lithologic stratigraphic description and analysis of grain size, redness, magnetic susceptibility, geochemical elements, pollen and charcoal. Dating control was provided by accelerated mass spectrometry 14C and optically stimulated luminescence methods. Results show that SLK site was affected by the local fluvial sedimentary environment. The absolute dating results of the SLK site have revealed that humans occupied the site during the Epipaleolithic (8.5–7.3 cal ka BP), Yangshao culture (5.9–5.1 ka) and Qijia Culture (4.1–3.9 cal ka BP). Pollen analysis showed that the humans lived in a landscape that was predominated by forest-steppe. Consolidating with multidisciplinary evidence, we learned that Epipaleolithic sites were occupied by microlithic hunter-gatherers and comprised by relatively fixed seasonal central campsites, and their mobility was significantly decreased from the early to late period. Subsequently, farmers of the Yangshao culture migrated from the low elevation (Chinese Loess Plateau) to the upper Yellow River valleys on the QTP and founded the earliest settlement villages (~5.9 ka) on the QTP. People of the Qijia culture adopted diversified survival strategies under the settled lifestyle. In all, we infered that SLK site may play an important role in the communication and integration between different people and cultures.

Keywords: Qinghai–Tibetan Plateau, Epipaleolithic to Bronze Age, end-member modeling analysis, pollen, vegetation change, survival patterns


INTRODUCTION

The location of the Qinghai–Tibetan Plateau (QTP), at the interface of the East Asian summer monsoon (EASM), Indian summer monsoon (ISM) and Westerlies system, makes it particularly sensitive to climate change (An et al., 2012; Li et al., 2018). Moreover, the QTP represents a great challenge to the survival and communication of prehistoric humans because of its high average elevation of >4,000 m above sea level (a.s.l.), hypoxic environment and sparse faunal and floral resources (Beall, 2001). The northeastern QTP is at the transition between the western Chinese Loess Plateau (CLP) and the eastern QTP, which comprises a typical agro-pastoral ecotone; it was an important area for the exchange of different types of prehistoric cultures due to its relatively lower elevation compared to other parts of the QTP (Zhang et al., 2016; Gao et al., 2020). Thus, studies of past human-environment interactions in the area help our understanding of the evolution, trajectory and mechanisms of prehistoric human adaptation to extreme environments (Dong, 2018).

In the past few decades, many studies has been carried out on the northeastern QTP to explore the history of expansion of prehistoric humans to the inner QTP, including the timing, location, route and subsistence strategies of migrants and their relationship with the environment (Madsen et al., 2006; Brantingham et al., 2007; Rhode et al., 2007; Sun et al., 2012; Dong et al., 2013; Chen et al., 2015, 2019; Hou et al., 2015; Zhang D. J. et al., 2020). For example, studies based on archaeology, genetics and chronology show that upper Yellow River and its tributary valleys in the northeastern QTP provide a crucial corridor for prehistoric human migration to the hinterland of the plateau (Madsen et al., 2006; Li et al., 2019). However, previous studies on upper Yellow River valleys mostly focused on comparative analysis of environmental changes and human activities on the large scale, so that detailed geomorphological investigation of archaeological sites is generally lacking. Also, the studies have concentrated on human–land relationships since the Neolithic, with little on the Paleolithic to Epipaleolithic to transition (Gao et al., 2008), due to limited archaeological sites dating to this period.

To date, only one site spanning the Epipaleolithic to the historical period with stratigraphic sedimentation has been identified in the upper Yellow valley on the northeastern QTP, at Shalongka (SLK) site (Chinese Society of Archaeology, 2017). There has been some work on the chronology (Dong et al., 2013; Wang Z. L. et al., 2021), zooarchaeology, archaeobotany, and paleoenvironment of the site (Li et al., 2014; Chen et al., 2015; Yi et al., 2020). The chronological framework and subsistence strategies at SLK site have been preliminarily explored, based on archaeological investigation and test excavation (Madsen et al., 2006; Rhode et al., 2007), but there has been no systematic archaeological excavation of the site. In addition, prehistoric hunter-gatherers were usually highly mobile and migrated regularly, leaving only patchy remnants of their activity, thus the evidence can only provide limited and discontinuous information on human activities (Ledger, 2018). In this context, the SLK site is critical; systematic archaeological excavation and multi-proxy analysis is needed to clarify the environmental background, occupation and adaptation history, the transition from Epipaleolithic to Neolithic, and relationship with the peoples of the low elevation northern China.

In this study, we investigated the east wall of section T1406 (T1406E) as part of the first formal archaeological excavation of the SLK site in Qunjian Basin. We established a chronological framework based on accelerated mass spectrometry radiocarbon (AMS14C) dating of charcoal from the section and optically stimulated luminescence dating (OSL) of pottery shards. Environmental samples were collected for multi-proxy analysis, including grain size (GS), magnetic susceptibility (MS), redness (a*), pollen, charcoal and geochemical elements. Combining our results with archaeological data, paleoclimatology, genetic and linguistic evidence, we aimed to: (1) reconstruct the environmental background (sedimentary environment and vegetation evolution) and history of prehistoric human activity at the SLK site; (2) explore the mobility pattern of prehistoric humans in different eras.



REGIONAL SETTING AND STUDY SITE

Qunjian Basin is a small intermountain basin in the upper reaches of the Yellow River, in southwestern Hualong county, Qinghai Province (Figures 1A,B). The basin is ~24 km long, from the eastern entrance of Lijia Gorge in the west to the western entrance of Gongbo Gorge in the east, and 4 km wide, between Laji mountain to the north and Zhegeli mountain to the south, covering an area of 2,950 km2 (Figure 1B). Elevation gradually decreases from northwest to southeast, averaging ~2,050 m a.s.l. The Yellow River traverses the basin from west to east, making it to be an important focus for human activity (Wang Z. L. et al., 2021). At the present day, average annual temperature is 7.8°C, and average annual precipitation is 357.3 mm, of which 70% occurs in summer (Jia, 2012).


[image: Figure 1]
FIGURE 1. Overview of the study area. (A) Location of Shalongka (SLK, red triangle) site and nearby sites with climate records (red circles). 1. Peat section in the Zoige Basin (Liang et al., 2020); 2. Wuya Cave stalagmite in the western Chinese Loess Plateau (Tan et al., 2020); 3. Dongge Cave stalagmite, Guizhou Province, China (Dykoski et al., 2005). The dashed purple line indicates the modern northern limit of the Asian Summer Monsoon (Chen et al., 2008). EASM denotes East Asian summer monsoon, ISM denotes Indian Summer Monsoon. (B) Location of the SLK site in the Qunjian Basin. (C) Location of the sampling column in section T1406E (yellow dotted line) at SLK site.


The SLK site (36.01°N, 102.00°E; 2021 m a.s.l.) is on the second terrace in Qunjian Basin, at the junction of the Yellow River and Yishaer River. The site covers an area of around 2.4 × 104 m2; it is ~500 m from the Yellow River in the south, 24 m above the river, and ~260 m from the Yishaer River in the west, 10 m above the river (Figure 1B). SLK site was first discovered in 1987 and formally excavated by Qinghai Provincial Institute of Cultural Relics and Archaeology in 2003 and 2016. Cultural remains including house sites, post holes and hearths were found, along with a large numbers of cultural artifacts including lithics, pottery and spinning wheel (Chinese Society of Archaeology, 2017). Today, the area around the site is mainly used for agricultural cultivation, with orchards, corn and wheat. Overall, the SLK site has abundant prehistoric cultural remains that provide ideal material for investigating the long-term evolution of human-land relationships on the QTP. Based on Zhang (2000) proposal that “Epipaleolithic cultures are Paleolithics in the Holocene,” this study termed Paleolithic culture as “Epipaleolithic.”



MATERIALS AND METHODS


Field Work and Sampling

Between June and August 2016, three 5 × 5 m quadrats (from south to north, termed T1404, T1405 and T1406) were excavated to a depth of ~420 cm at the SLK site by Qinghai Provincial Institute of Cultural Relics and Archaeology, with a total excavation area of 75 m2 (Figure 1C). Thirty stratigraphic layers were identified, some of which were further divided into sublayers (layers 5, 12 and 24), mainly based on archaeological remains, color and lithology. Layers 1–4 (0–78 cm) comprise the historical and modern cultivated layer, which is greatly disturbed by later human activity so was not analyzed in this study; layer 5 (78–90 cm) is the Qijia culture layer; layer 13 (238–268 cm) the Yangshao culture layer; and layers 17–19 (292–318 cm), 24 (345–368 cm) and 29 (388–403 cm) the Epipaleolithic culture layer (microlithic); with remaining strata comprising siltation or diluvium layers (Figures 2A,B). Preliminary field investigation showed the SLK site to be characterized by alternating deposition of cultural layers and siltation or diluvium (Supplementary Table S1).
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FIGURE 2. Section T1406E at Shalongka (SLK) site and typical archaeological remains and cultural artifacts from the site. (A) Photo of the T1406 sampling section with stratigraphic layers numbered. (B) Typical archaeological remains unearthed in different layers of the SLK site. (C) Typical cultural artifacts unearthed in different layers of the SLK site. 1. Pottery jar fragments; 2. Stone knife; 3. Core; 4. Stone ring; 5. Spinning wheel; 6–9. Yangshao cultural pottery (7: SLK-1, 8: SLK−2 and 9: SLK-3 were used for OSL dating); 10. Microblade core; 11–12. Microblades; 13: Flake; 14–15: Fragment and chunk.


During excavation, charcoal present in different stratigraphic layers was systematically collected for AMS 14C dating to establish the chronological framework; some of the dating results have been published (Wang Z. L. et al., 2021). However, charcoal dating results for the Yangshao culture layer are too young and are inconsistent with the archaeological cultural background; to better date this period, we selected three typical pottery shards (Miaodigou style) for OSL dating (Figure 2C: 7–9). We used section T1406E for environmental sampling due to its clearer and more complete stratigraphy. Overall, 208 environmental samples were collected at 2 cm intervals for analysis of GS, MS, a*, pollen and charcoal. In addition, four coarse sand samples from section T1406E (105, 133, 185, and 379 cm depth) and two representative floodplain sediment samples from the Yellow River and Yishaer River basins were collected for geochemical element analysis.



14C, OSL, and Collation of Published Ages

Charcoal samples were sent to the Quaternary Dating Laboratory of Peking University for AMS 14C dating. All dates were converted to calendar year using the IntCal 20 dataset in the Calib Rev 8.1.0 program (Reimer et al., 2020).

For OSL dating, 2–3 mm was removed from the surface of the three pottery shards (SLK1–3) under subdued red light in the lab, and the remaining material was ground in a mortar and the 90–250 μm component screened out. All samples were treated with 10% HCl and 30% H2O2 to remove carbonate and organic matter, respectively, and then etched with 40% HF for 40 min to eliminate feldspar and any potential impurities. The quartz fraction was rinsed with 10% HCl for 8 min to remove potential fluoride. Samples were rinsed repeatedly with pure water to neutralize after each step. Finally, quartz purity was detected by infrared excitation for 40 s at 125°C followed by blue excitation for 40 s at 125°C until OSL/IRSL >95%.

Equivalent doses (De) were determined by the singlealiquot regenerative-dose (SAR) protocol (Murray and Wintle, 2000). The test instrument uses a standard Risø TL/OSL DA-20 reader with a 90Sr/90Y beta source for irradiation. Eighteen aliquots of SLK-2 and SLK-3 were measured, but only seven aliquots of SLK-1 due to smaller sample size. The environmental dose rate was determined using the beta dose in the pottery shard, along with the gamma dose and cosmic ray dose rate of surrounding soil sediments (Sun et al., 2021a). The U, Th and K content of pottery shards and sediments was obtained by inductively coupled plasma mass spectrometry (ICP-MS) and then converted into beta and gamma doses using conversion parameters (Guérin et al., 2012). The cosmic ray dose rate was calculated using the depth, elevation and geographic coordinates of each sample (Prescott and Hutton, 1994). A water content of 5 ± 2.5% was adopted, based on previous work at the SLK site (Li et al., 2014). Sample pretreatment and De measurements of pottery shards and sediments were carried out at the Qinghai Provincial Key Laboratory of Physical Geography and Environmental Processes, Qinghai Normal University. The environmental dose rate was measured at the Xi'an Geological Survey Center.

To augment our own dating samples, we collated previously published 14C and OSL ages from the formal archaeological excavation and test excavation of the SLK site (Dong et al., 2013, 2014; Li et al., 2014; Chen et al., 2015; Ren, 2017; Wang Z. L. et al., 2021). In our analysis, we mainly used chronological results from the formal archaeological excavation, due to their tight stratigraphic constraints and clear and comprehensive cultural background information; dates from the test excavation were used as for reference/support.



Geochemistry, GS, MS, and a* Analysis

Prior to pressing into discs for analysis, samples were first passed through a 200-mesh sieve to reduce the GS effect on relative element content. Elements were determined on an Axios X-ray fluorescence (XRF) spectrometer, with major element analysis uncertainties of <10%.

Samples for GS analysis were collected at 2 cm (cultural layers) and 4 cm (natural sedimentary layers) intervals. Samples were weighed to obtain test samples of 0.35 g to which 30% H2O2 and 10% HCl was added to remove organic matter and carbonate, respectively, and 10% (NaPO3)6 was then added to fully disperse the sediment (ChongYi et al., 2019). Finally, GS was determined using a Malvern Mastersizer 2000 laser particle analyzer, with an analytical range of 0.02–2,000 μm. We used end-member modeling analysis (EMMA) and mean GS parameters to gain better understanding of the sedimentary environment of the site. EMMA uses AnalySize loaded in Matlab software to perform non-parametric analysis of the original GS data (Paterson and Heslop, 2015) to describe the entire GS dataset as a mixture of unique unimodal or polymodal subpopulations (Weltje, 1997).

Samples for MS and a* were collected at 2 cm intervals from the section. MS was measured on 10 g of ground, dried sediment with a Bartington MS2B sensor (470 Hz) (ChongYi et al., 2019). The a* was determined on a Konica Minolta CM-2500c spectrophotometer, using the CIE standard and a* denotes the red–green chromaticity. The GS, MS and a* measurements were determined at the Qinghai Provincial Key Laboratory of Physical Geography and Environmental Processes, Qinghai Normal University, and geochemical analysis was performed at the Qinghai Institute of Salt Lakes, Chinese Academy of Sciences.



Pollen and Charcoal Analysis

A total of 66 samples were selected from section T1406E for pollen and charcoal analysis, at 2 cm intervals (cultural layer) and 4–8 cm intervals (natural sedimentary layer). Standard preparation methods were used to chemically treat 50 g (dry weight) of each sample (Fægri and Iversen, 1989). Samples were boiled in 10% HCl and 10% KOH to dissolve calcareous minerals and humic components, respectively. They were then sieved through a 200-μm mesh screen and treated with 40% HF to digest fine silica, and then sieved through a 7-μm mesh to remove clay sized particles. Finally, samples were stored and mounted in glycerin jelly. Pollen and charcoal were identified at × 400 and × 1,000 magnification.

Pollen morphotypes were based on comparisons with descriptions and illustrations in Wang et al. (1997). Charcoal was counted and divided into 20–50 μm and >50 μm size groups (Tan et al., 2018; Wei et al., 2020). Approximately 300 terrestrial pollen grains and more than 800 charcoal particles were counted per sample and expressed as percentages of the total sum. Pollen and charcoal concentration (CC) was calculated based on Lycopodium spore tablets (27,637 ± 563 spores) that were added to the test samples, and pollen diagrams were created by using Tilia/Tilia-Graph software (Grimm, 2011). Preprocessing and identification was undertaken at the Qinghai Provincial Key Laboratory of Physical Geography and Environmental Processes, Qinghai Normal University.




RESULTS


Chronology

Twenty-six AMS 14C ages (18 from the cultural layer, of which 9 are from this study) and three OSL ages for the SLK site are listed in Table 1, Supplementary Table S2 and shown in Figure 3. The dating results indicate that the age range of the SLK site is 8.5–3.9 cal ka BP. Specifically, the age of the Epipaleolithic culture layer is 8.5–7.3 cal ka BP, which can be divided into early (8.5–8.2 cal ka BP, layer 29) and late (8.0–7.3 cal ka BP, layers 24, 19, 18, and 17) stages. OSL dating of pottery shards from the Yangshao cultural layer (layer 13) gives ages of 5.9 ± 0.8–5.1 ± 0.3 ka, while the 14C age of charcoal in this layer is 5.0–4.6 cal ka BP; the latter is inconsistent with the OSL dating results and the archaeological cultural background, the specific reasons for which are discussed later. The 14C age of the Qijia culture layer (layer 5) is 4.1–3.9 cal ka BP, after exclusion of one age (BA 161048) that is much younger than the archaeological cultural background.


Table 1. OSL dating results of samples from the Yangshao culture layer at Shalongka (SLK) site.
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FIGURE 3. Calibrated radiocarbon and OSL age distributions from Shalongka site (Details of the age are given in Table 1 and Supplementary Table S2). *Indicates that the dating results are inconsistent with the archaeological cultural record.




Element Content

The elemental content of sediment samples from T1406E, Yellow River and Yishaer River basin are listed in Table 2 and shown in Figure 4. All samples are dominated by the oxides SiO2, Al2O3, Cao, Fe2O3, K2O, MgO, and Na2O, which comprise >86%, while the content of TiO2, P2O5, and MnO is <0.7%. Compared with Upper Continental Crust (UCC) (Taylor and McLennan, 1985), the content of SiO2 and P2O5 is close to UCC; CaO and TiO2 are enriched, while Al2O3, Fe2O3, K2O, MgO, Na2O and MnO are depleted.


Table 2. Elemental compositions of sediment samples from section T1406E at Shalongka site (SLK), and Yishaer River (YSR) and Yellow (Y) River floodplains.
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FIGURE 4. Upper continental crust (UCC)-normalized abundances of the major elements in coarse sand sediments from section T1406E and nearby modern floodplain deposits of the Yellow and Yishaer Rivers.




GS

The EMMA results for section T1406E show a clear inflection at five end-members (EMs), and an angular deviation of 4.8°. The coefficient of determination (R2) is 0.986, indicating that the model explains 98.6% (>95%) of the total variance of the original GS dataset; R2 increases only slightly when EM >5 (Figure 5A). Based on the principles of parsimony and reproducibility (Weltje, 1997; Paterson and Heslop, 2015), five EM (EM1–5) were identified (Figure 5B). EM1 represents the finest component, in the fine silt range with a main mode at 9 μm; EM2 is in the medium silty range, with the main modal at 20 μm; EM3 is in the coarse silt range and presents a bimodal distribution, with the main peak at ~52 μm (coarse silt) and a secondary peaks ~5 μm (fine silt); EM4 is in the fine sand range and is poorly sorted, with a main peak of ~229 μm; EM5 represents the coarsest component, in the coarse sand range, and is poorly sorted, with the main peak at ~516 μm.


[image: Figure 5]
FIGURE 5. Results of end-member modeling analysis (EMMA) for section T1406E and grain size (GS) frequency distribution curves for typical floodplain sediments. (A) Coefficients of determination (R2) and angular deviation of EMMA; (B) GS frequency distribution curve of End-Member (EM)1–5, and typical modern floodplain sediments of the Yellow River and Yishaer River; (C) Proportions of EM1–5.


EM scores are shown in Figure 5C. For EM1, the score ranges from 0 to 65.1%, with an average of ~31.0%. EM2 score ranges from 0 to 75.2%, with an average of ~19.2%. EM3 score ranges from 0 to 65.3%, with an average of ~22.1%. EM4 and EM5 show similar trends, with scores of 0–76.4% and 0–64.9%, respectively, averaging 15.4% and 12.4%. Below 270 cm, the scores for EM4 and EM5 are relatively high and fluctuate greatly, with averages of 12.7 and 13.5%, respectively; the highest scores are 210–90 cm, with averages for EM4 and EM5 of 38.5 and 25.6%, respectively.

Mean GS show significant variation in section T1406E, ranging from 12.3 to 198.4 μm, with an average of 39.7 μm (Figure 6). Based on GS results, the section can be divided into four zones: (1) 415–292 cm, with mean GS range of 13.8–96.2 μm and average of 33.7 μm; (2) 292–210 cm, with a relatively stable mean GS range of 12.7–29.0 μm and average of 17.1 μm; (3) 210–90 cm, with mean GS range of 28.5–198.4 μm and average of 90.1 μm; (4) 90–0 cm, with the lowest mean GS range of 12.3–21.5 μm and average of 15.5 μm.


[image: Figure 6]
FIGURE 6. Variations in environmental proxies in section T1406E. Symbols and terms on the graphs are defined as: MS, magnetic susceptibility; a*, redness; GS, grain size; EM, end-member; CC, charcoal concentration.




MS and a*

Trends in a* and low frequency MS in section T1406E are roughly inverse (one increases as the other decreases), but a* is more sensitive (Figure 6). a* ranges 7.9–13.7, with an average of 11.0; low frequency MS between 12.3–84.3 × 10−8 m3/kg, with an average of 28.3 × 10−8 m3/kg. a* is generally >11.0 in the layers at 411–407, 393–318, 292–268, and 231–97 cm, while low frequency MS is <27 × 10−8 m3/kg.



Pollen and Charcoal

No or little pollen and charcoal was found in the intervals 342–318, 292–268, and 238–97 cm of section T1406E due to the influence of sedimentary environment. Overall, 49 pollen taxa were identified in the 48 samples from the section. Pollen taxa mainly include Pinus, Picea, Cupressaceae, Carpinus, Larix, Quercus, Ephedra, Elaeagnaceae, Nitraria, Artemisia, Chenopodiaceae, Poaceae, Cyperaceae, Asteraceae, Brassicaceae and Ranunculaceae. Based on variations in pollen assemblage, CC and sediment lithology, three zones were identified (Figure 7). Zone I (411–342 and 318–292 cm) corresponds to layers 29, 24, and 19–17, indicating the Epipaleolithic age cultural layer. Zone II (268–238 cm) corresponds to layer 13, indicating the Yangshao cultural layer. Zone III (90–20 cm) corresponds to layers 5–3, of which five (90–78 cm) are Qijia culture.


[image: Figure 7]
FIGURE 7. Percentage of main pollen taxa and charcoal concentration (CC) at section T1406E.


Zone I: Pollen assemblages are dominated by Pinus (range 2.1–64.9%, average 33.3%, the same below), Chenopodiaceae (4.5–93.4, 19.3%), Artemisia (0.8–54.3, 16.5%) and Cyperaceae (0.5–13.0, 5.5%), with a small amount of Polypodiaceae (0.3–8.0, 4.0%), Taraxacum–type (0–15.0, 3.0%), Poaceae (0.2–13.4, 2.9%), Elaeagnaceae (0–11.8, 2.2%), and Picea (0–4.0, 1.7%). The pollen concentration is 515.5 grains/g. The total CC is 22,258 grains/g, with that >50 μm and 20–50 μm being 8,161 and 14,097 grains/g, respectively. CC of >50 μm and 20–50 μm is generally low in the substage at 411–342 cm, except for peaks at 399 cm and 363 cm, while in the substage at 320–290 cm CC gradually increases to 35,908 grains/g.

Zone II: The percentage of Chenopodiaceae (7.3–42.4, 27.8%), Artemisia (8.6–34.6, 22.9%), and Taraxacum–type (2.1–19.6, 9.0%) increases significantly, while that of Pinus (8.5–43.0, 24.1%), Cyperaceae (0.4–2.7, 1.5%), and Picea (0–2.9, 0.9%) decreases significantly. Overall pollen concentration in this zone increases significantly (1,761 grains/g). Total CC reaches a maximum in this zone, with 81,997 grains/g. Compared with zone I, CC of >50 μm and 20–50 μm is significantly higher, with 30,716 and 51,282 grains/g, respectively, and total CC reaches a maximum of 168,557 grains/g at 243 cm.

Zone III: The pollen assemblage is characterized by a significant decrease in the percentage of Pinus (3.4–23.1, 10.5%), Chenopodiaceae (3.6–18.3, 9.6%), and Artemisia (1.4–27.8, 5.7%), and increase in Taraxacum–type (12.5–55.7, 27.5%), Poaceae (4.6–21.1, 13.1%), Cyperaceae (0.4–19.0, 9.1%) and Picea (0–5.2, 1.6%). Overall pollen concentration is relatively low (852.8 grains/g). Total CC decreases significantly (32,409 grains/g), and that of >50 μm and 20–50 μm decreases to 10,001 and 22,408 grains/g, respectively. However, there are peaks in the CC of 20–50 μm ~at 93–77 and 53 cm.




DISCUSSION


Reconstruction of Depositional Environment at the SLK Site

As mentioned in Section Field Work and Sampling, field investigations suggest that development of SLK site has been affected by aeolian and fluvial deposition, but the provenance of floodplain sediments at the site is still unclear. SLK site is located close to the junction of the Yellow River and its tributary the Yishaer River, with the two rivers ~500 and 260 m from the site, respectively. Hence, both basins are potential source areas of floodplain sediments at the site.

Comparison of the geochemical characteristics of typical floodplain sediments from T1406E with those of the Yellow River and Yishaer River (Figure 4) shows the major and trace element content of the section is generally closer to those of Yishaer River. The same pattern is shown in the UCC-normalized abundances of average major element content, where sediments from T1406E and Yishaer River have similar trends of relative enrichment/depletion that differ from Yellow River sediments (excluding SiO2, P2O5, and Al2O3 where the three samples overlap). In addition, the common presence of poorly rounded gravels in the coarse sand layer of section T1406E indicates a short transportation distance. Thus, several strands of evidence support the provenance of floodplain sediments at SLK site being the Yishaer River basin rather than the Yellow River basin.

Separation of aeolian and fluvial sediments at the site is important for understanding the paleoenvironmental background of prehistoric human activities. We used EMMA to decompose the GS dataset from section T1406E into two components sensitive to aeolian and fluvial processes.

Vandenberghe (2013) reviewed the relationship between GS distribution and facies of fine-grained windblown sediment, identifying several loess populations that may help disentangle the provenance of our sediments. The modal size of EM1 (~9 μm) in our study is similar to Vandenberghe's (2013) subgroup 1.c.2 (mode 4 μm, range 2–10 μm) that is common in loess of the northeastern QTP and Tajikistan. This component is considered to be transported by long-term high-level westerlies (Nottebaum et al., 2015). The modal size of EM2 (~20 μm) is similar to Vandenberghe's (2013) subgroup 1.c.1 (mode 19 μm, range 16–22 μm) that common in loess of the CLP (Prins et al., 2007; Vriend, 2007). This is a relatively stable component of background atmospheric dust.

The modal size of EM3 (~52 μm) corresponds to Vandenberghe's (2013) 1.b.1 component (51–60 μm) that appears in loess of the northeastern QTP and the CLP (Vriend and Prins, 2005) and is considered to be a dust storm component from proximal sources (Vriend et al., 2011). However, considering the SLK site is in the lower elevation area of the southeastern Qunjian Basin and close to a major river junction, it can widely accumulation aeolian dust from far and near sources. Thus, we infer that EM1–3 is probably of aeolian sedimentary origin, but its relatively high clay and sand content indicates that it may have been subject to post-depositional reworking. Therefore, field investigation and other proxy evidence is needed to further clarify the specific processes.

The major peaks of EM4 and EM5 are at 229 and 516 μm, respectively, with a small mixed component of clay and fine silt. The GS distribution frequency curves for these EMs are similar to those of modern floodplain sediments in the Yellow River and Yishaer River basins (Figure 5B). Moreover, previous studies show that fluvial sediments are usually composed of medium sand saltation components (200–400 μm) and fine silt suspension components (10–15 μm) (Pye and Tsoar, 1987; Bennett and Best, 1995). Therefore, EM4 probably reflects a lower energy floodplain environment and EM5 a higher energy floodplain environment. These results are also similar to the GS distribution patterns of coarse and fine components of sediments in Heihe and Shiyang River Basins and Hanzhong Basin, China (Yang et al., 2019; Wang B. L. et al., 2021). Based on this, we use the sum of EM4 and EM5 as an index to indicate the strength of hydrodynamic conditions at the SLK site.

To further clarify the impact of aeolian and hydrologic processes at SLK site, low frequency MS and a* were used as supplementary indicators of the sedimentary environment of the site. MS refers to the relative concentration of ferromagnetic minerals in sediments and is an index of the intensity of weathering and pedogenic modification of aeolian sediments of the northeastern QTP and the CLP; MS is usually between (28–100) × 10−8 m3/kg (Huang et al., 2013; Xue and Zeng, 2021), reflecting the intensity of the EASM (Kang et al., 2020). However, some magnetic minerals are subject to dissolution under the reducing conditions of shallow incubation (shallow marine or lake sediments), resulting in an overall decrease in low frequency MS (Ao et al., 2010; Peng et al., 2021). Considering the complexity of the sedimentary environment at SLK site, it is reasonable to infer that low frequency MS is relatively high when aeolian processes are dominant, and relatively low when hydrogenesis is dominant.

a* is mainly controlled by the type and concentration of iron oxide minerals, especially hematite (Ji et al., 2005; Sun et al., 2020). Previous work suggests that a* is related to river action on the QTP: Ji et al. (2005) linked a* with river-transported terrestrial materials in the lacustrine sediments of Qinghai Lake on the northeastern QTP, reflecting regional monsoon and precipitation changes. Brownish red argillaceous rock and brick red fine-grained rock are widely distributed in the northern area of the SLK site. Moreover, the alluvial and proluvial effect of floodplain facies is obvious after preliminary field investigation and consulting the 1:250,000 geological map (http://www.ngac.cn/125cms/c/qggnew/index.htm). Combined with our geochemical and EMMA results, we conclude that high a* reflects material that is weathered and eroded from nearby red beds or loess deposits and is transported to the site by river flow under high energy conditions of Yishaer River.

Figure 6 shows high EM4+5 scores correspond with high a* and low MS, which is supports a fluvial sedimentary origin for EM4+5. EM1–3 is mainly related to the post-depositional reworking of river and lake deposits under the influence of aeolian sedimentation. Therefore, EMMA results, low frequency MS and a* of section T1406E provide good supplementary sedimentary environment indicators for the SLK site.

Based on stratigraphic trends in the environmental indicator results in section T1406E (Figure 6), four stages in the evolution of the sedimentary environment at the SLK site can be identified. In the lower part of the section (411–268 cm), the EM4+5 score, mean GS and a* values are relatively high and fluctuate significantly, while low frequency MS is relatively low, indicating the stage represents a generally hydraulic but occasionally dry environment (403–388, 482 368–345, and 318–292 cm).

The next stage (268–238 cm) corresponds to the Yangshao cultural layer. The EM4+5 score, mean GS and a* values are low and stable, while low frequency MS is high (Figure 6), indicating a switch from hydraulic to predominately aeolian sedimentation.

In the next stage (238–90 cm), a* and low frequency MS show an inverse relationship, changing simultaneously with a* generally high and MS generally low, while the EM4+5 score and mean GS show a sharp increase after initially low levels (Figure 6). In addition, poorly rounded small gravel is present at 182–178 cm depth. All evidence points to a strong hydrodynamic environment in this stage, driving the large increase in GS. The reduction in low frequency MS is due to the long-term underwater environment.

The final stage (90–0 cm) is characterized by relatively high low frequency MS, while the EM4+5 score, mean GS and a* values are very low (Figure 6). These trends indicate reduced input of fluvially transported materials and dominance of aeolian sedimentation.



Vegetation and Climate Background at the SLK Site

Based on the pollen record of section T1406E, we have reconstructed the vegetation and climate characteristics of SLK site in the Epipaleolithic, Yangshao culture and Qijia culture period. The arboreal pollen of T1406E is mainly Pinus, accompanied by a small amount of Picea and Cupressaceae (Figure 7). Relationships between modern pollen and vegetation suggest that Pinus is over-represented as it can be transported by wind and river over long distances (Miehe et al., 2014; Wei et al., 2020). Pinus pollen content is always below 5% in the desert areas of eastern China, and often exceeds 30% in Pinus forest (Li et al., 2005). In section T1406E, Pinus percentages fluctuate between 10.5 and 33.3%, which suggests pine forest was developed on mountains near to the SLK site.

The non-arboreal pollen taxa of section T1406E consist mainly of Artemisia, Chenopodiaceae, Cyperaceae, Poaceae and Asteraceae (Figure 7). Previous studies of surface pollen on the QTP suggest that Artemisia, Asteraceae and Poaceae are the most important taxa of the temperate steppe (Lu et al., 2011; Wei et al., 2011, 2020), Chenopodiaceae is the dominant taxa of temperate desert steppe/desert vegetation (El-Moslinmny, 1990; Zhao and Herzschuh, 2009), while Cyperaceae dominates in alpine meadow and meadow-steppe (Lu et al., 2011; Wei et al., 2018).

The EMMA analysis results show that Zone I (411–342 and 318–292 cm) is affected by the fluvial action of Yishaer River, so the pollen sources for section T1406E comprise that transported by river and wind and local sites. Since the SLK site is only ~4 km from the piedmont of Laji mountain, and the pollen transport distance is relatively local, the pollen records likely reflect vegetation conditions in areas adjacent to the site. The high content of Pinus, Chenopodiaceae and Artemisia in Zone I, indicates that forest-steppe vegetation is developed around the site (Figure 7). The low content of Cyperaceae and Polypodiaceae indicates relatively humid hydrological conditions, pointing to a relatively warm and humid regional climate in this stage. Zooarchaeological studies have identified the remains of small deer in cultural layer 19–17 (Yi et al., 2020), which usually live at the forest-steppe boundary (Zhang et al., 2015), further confirming the vegetation reconstruction results.

Zone II (268–238 cm) is dominated by aeolian deposits, and the pollen assemblage is characterized by Chenopodiaceae, Pinus, Artemisia and Asteraceae (Figure 7), in which the Pinus content (mean of 24.1%) is still relatively high. This generally reflects forest-steppe vegetation with relatively reduced arboreal coverage, and a relatively warm and humid climate.

Zone III (90–20 cm) is also dominated by aeolian deposits. Vegetation is dominated by Asteraceae, Poaceae and Cyperaceae, accompanied by stable and low content of Elaeagaceae, while the content of Chenopodiaceae, Artemisia and Pinus decreases significantly (Figure 7), indicating development of a sparse forest-shrub-steppe landscape and a relatively cool and dry climate.



The Relationship Between Environment Change and Human Occupation at the SLK Site

Social productivity was low in the prehistoric period. For survival, people first needed to choose a suitable production and living environment, and this largely depended on finding a suitable geomorphic environment. During the early Epipaleolithic (403–388, 368–345, and 318–292 cm, layers 17–19, 24, and 29, 8.5–8.2 cal ka BP and 8.0–7.3 cal ka BP) human occupation of the SLK site, the EM4+5 scores (especially EM5), mean GS and a* values are relatively low (Figure 6), indicating it was a period with less hydrogenesis.

During the Yangshao culture period of the Neolithic (268–238 cm, layer 13), the SLK site was subject to stable geomorphic conditions and land resources. Archaeologists ascribed this layer as the Miaodigou style of Yangshao culture, dating to 6.0–5.1 cal ka BP, based on typology of archaeological remains and artifacts unearthed (Qinghai Provincial Institute of Cultural Relics and Archaeology, 2013; Chinese Society of Archaeology, 2017; Han, 2021). However, 14C dating of charcoal from layer 13 gives a younger age of 5.0–4.6 cal ka BP (Wang Z. L. et al., 2021), which is inconsistent with the archaeological cultural background. The difference in ages may be related to the site micro geomorphology and/or disturbance. As shown in Figure 6, upper part (245–238 cm) of the Yangshao cultural layer, the EM4+5 score increased moderately, a* increased significantly and low frequency MS decreased rapidly. Also, survey of the layer by Electronic Total Station shows that the perimeter area is ~30 cm higher than the center, indicating a shallow basin/hollow. Archaeological excavation confirmed the presence of cracks in the stratum surface, similar to desiccation cracks on the modern floodplain of the Yishaer River that appear after pools of standing water have dried out (Figure 2B).

The above evidence suggests that the Yangshao cultural layer is in a low-lying area that was generally affected by aeolian sediments, while the upper part (245–238 cm) of the layer was also subjected to slight fluvial transportation and slope clastics from local areas, which may affected the distribution of smaller and lighter articlasts during deposition. Therefore, there is a good probability that the charcoal material used to date the Yangshao cultural layer is associated with secondary deposition, hence resulting a younger dating results.

Recently, Sun et al. (2021a,b) applied OSL dating to prehistoric and historical pottery from sites on the northeastern QTP using OSL. The results are consistent with OSL and 14C dating of stratum sediments and historical records and demonstrate the reliability of OSL dating of pottery in the region. In this study, OSL dating of three typical pottery shards (Miaodigou style) from the Yangshao cultural layer gave ages of 5.9 ± 0.8–5.1 ± 0.3 ka, which is consistent with the archaeological cultural background. Hence, it confirms that prehistoric humans occupied the SLK site during this period.

No evidence of prehistoric human activities has been found between 238 and 90 cm, which the proxy evidence shows was a period of strong hydrodynamic conditions, suggesting prehistoric humans were forced to withdraw from the SLK site at this time. The overlying layer (90–78 cm) corresponds to the Qijia culture and the dating results show that prehistoric humans occupied the site between 4.1 and 3.9 cal ka BP. Both geomorphic survey and EMMA results suggest that prehistoric humans migrated to the SLK site after the flooding when river erosion had formed a stable terrace. In summary, the history of occupation and abandonment of SLK site appears to be closely related to the hydrodynamic conditions at the site. When hydrodynamic energy is high, the intensity of prehistoric human activities is weak or absent, while when hydrodynamic energy is low (i.e., aeolian conditions prevail), there is human occupation of the site.

To better understand the environmental background of prehistoric humans at the SLK site, we have collated high-resolution paleoenvironmental records for areas adjacent to the Qunjian Basin. The Holocene temperature record based on quantitative analysis of pollen records in the eastern QTP (Liang et al., 2020) indicates mean monthly temperature peaked at ~11°C around 8.5–6 ka BP (Figure 8A). An early Holocene (10.0–7.0 ka BP) temperature peak is supported by a larger scale reconstruction of temperature at middle and high elevations of the northern hemisphere by (Marcott et al., 2013, Figure 8B). Stalagmite δ18O records (~5-year resolution) from the western CLP (Tan et al., 2020) show the wettest period was between 10.5–6.6 ka BP (Figure 8C); combined with the pollen record for section T1406E, the data indicate that prehistoric humans of Epipaleolithic age lived in a warm and humid forest-steppe environment. During the period of the Yangshao culture, although hydrothermal conditions decreased, the EASM was still relatively strong (Figure 8D); the SLK site was in the forest-steppe with reduced arboreal coverage and relatively amenable climate environment. During the Qijia culture period, the climate background tended to be cold and dry and sparse forest-shrub-steppe was developed around the site (Figure 8).


[image: Figure 8]
FIGURE 8. Comparison of the Environmental proxies from the section T1406E (Shalongka site) with nearby climate records. (A) Integrated reconstruction of Holocene mean warmest month temperature in eastern Qinghai–Tibetan Plateau (Liang et al., 2020); (B) Quantitative reconstruction of Holocene temperature record in the northern hemisphere (90–30°N) (Marcott et al., 2013); (C) Holocene monsoon changes recorded by high-resolution stalagmites on the western Chinese Loess Plateau (Tan et al., 2020); (D) δ18O record of the Asian monsoon from Dongge cave, Guizhou Province, China (Dykoski et al., 2005); (E) EM4 + 5 score mean grain-size of the section T1406E; (F) Total charcoal concentration (CC) of the section T1406E (G) Pinus pollen content of the section T1406E. EP, Epipaleolithic; YC, Yangshao culture; QC, Qijia culture.




Regional Comparison: Survival Pattern of Human Activity at the SLK Site

Prehistoric human adaptation to environment is documented through patterns of mobility. The charcoal record is an effective proxy for climate change and human activities (Miehe et al., 2014); high CC denotes high frequency of fire events, and vice versa (Wei et al., 2020). In section T1406E, peak CC corresponds with culture layers, indicating that CC reflects the human use of fire. To document and analyze the evolution of human mobility patterns at the SLK site, we combined CC evidence with EMMA, pollen results and formal archaeological excavation materials, and compared with prehistoric human activities on the high-altitude QTP and the low-altitude Loess Plateau.

During the early Epipaleolithic (8.5–8.2 cal ka BP, layer 29), stratigraphic sedimentation is thick (~15 cm), with a small numbers of microblades and pottery fragments recovered (Figure 2C), and four small wild mammal bones (Yi et al., 2020). The relatively high EM4+5 score shows river action is ongoing (Figure 8E). Therefore, SLK site may have been a temporary campsite for short-term foraging use at this time, with people adopting a high mobility migration strategy. Total CC in section T1406E is generally low, but increases significantly at ~380 cm, indicating the first human activities at the SLK site (Figure 8F).

During the late Epipaleolithic (8.0–7.3 cal ka BP, layers 24 and 19–17), stratigraphic sedimentation is relatively thick (~49 cm), and recovered artifacts include a hearth and >400 pieces of microlithic artifacts, including microblade cores, microblades and scrapers were unearthed (Figure 2C). The assemblage is consistent with the knapped lithic techniques at sites in high elevation areas of the QTP such as Xidatan 2 (~9.2–6.4 ka BP, 4,300 m a.s.l.) (Brantingham et al., 2013), Canxionggashuo (~8.2–7.4 ka BP, 4,016 m a.s.l.) (Han et al., 2020) and Yeniugou (~7.5 ka BP, 3,800 m a.s.l.) (Tang et al., 2013). Archaeobotanical analysis identified 364 fragments, including snails, birds, small rodents, rabbits and small deer in cultural layers 19–17 at SLK site (Yi et al., 2020). Total CC increases gradually through the period, indicating the intensity of human activities continued to develop (Figure 8F).

It is worth noting that seven linearly distributed post holes have been found in the cultural layer 19 (Figure 2B). Archaeologists suggest that this may be the remains of stilt style architecture, showing that the mobility of prehistoric humans decreased significantly and tended to settlement. Suspected pottery shards were also unearthed in this layer, and the Chenopodiaceae pollen content (up to 93%) increased simultaneously with CC at ~310 cm in section T1406E (Figure 7), which implays that humans might have collected edible vegetables of Chenopodiaceae family for their food resources. This estimation is also supported by the findings of starch grain (found root tuber) in the microlithic cultural layer (Zhao et al., 2021). However, the EM4+5 score shows that the site is more weakly affected by river action in the Epipaleolithic (below 292 cm) (Figure 8E), and given the characteristics of monsoon climate in this region, prehistoric humans probably inhabited the site in winter and spring when the river was relatively dry. To sum up, it seems the SLK site was used for processing of knapped microliths and was under long-term regular use and seasonal settlement (winter and spring campsite) by people following a hunting and gathering lifestyle. Correspondingly, the mobility of prehistoric humans was significantly reduced during the late Epipaleolithic age.

During the Yangshao culture period of Neolithic age (5.9 ± 0.8–5.1 ± 0.3 ka, layer 13) stratigraphic sedimentation is ~30 cm. The formal archaeological excavations in 2003 and 2016 identified 19 houses sites, with a large number of pottery and stone rings unearthed during for period (Qinghai Provincial Institute of Cultural Relics and Archaeology, 2013; Chinese Society of Archaeology, 2017). Further studies on starch grains showed that ancient humans used Setaria italica (Zhao et al., 2021). This is very different to the microlithic sites found in the previous or same period on the QTP (Brantingham et al., 2007; Hou et al., 2016), indicating that a new cultural type from the Yellow River basin has spread to the SLK site. Meanwhile, genetic studies show that the main population of modern settlers on the QTP came from the Yangshao culture population in the middle and upper reaches of the Yellow River at ~6.0 ka BP (Zhao et al., 2009); linguistic studies also show that initial splitting of the primitive Sino Tibetan language occurred ~5.9 cal ka BP (Zhang et al., 2019). These ages are consistent with the OSL dating results (5.9 ± 0.8 ka) for Yangshao cultural layer pottery shards in this study. Based on the above multidisciplinary evidence, we believe that the SLK site probably represents the earliest Neolithic population spreading from the middle reaches of the Yellow River to the northeastern QTP.

Another significant feature of the Yangshao culture layer is the large number of microliths, including microblade cores, microblades and scrapers that have been unearthed, along with >200 bone artifacts, including fish hooks and needles. These finds far exceed that of Yangshao culture sites (Miaodigou style) at lower elevations in the middle and lower reaches of the Yellow River (Qinghai Provincial Institute of Cultural Relics and Archaeology, 2013; Xiao, 2013). Considering that the tradition of microlithic technology previously prevailed at SLK site, and human activities in high elevation areas of the QTP are still dominated by microlithic technology in the period and later (Gao et al., 2020; Zhang X. L. et al., 2020; Chen et al., 2021), it is inferred that the SLK site is probably also occupied by microlithic hunter-gatherers indigenous to the QTP at this stage. Total CC increased to its highest level in the section T1406E, indicating enhanced intensity of human activities and settlement of the site (Figure 8F).

To sum up, the earliest Neolithic culture on the QTP results from interactions between Neolithic millet farmers introduced from the CLP and indigenous microlithic hunter-gatherers. At this stage, prehistoric humans not only engaged in relatively stable agricultural production, but also in mobile hunting-gathering activities. There are two main reasons for this survival strategy. First, as the site is less affected by flooding (EM4+5 score is very low) (Figure 8E), there are stable geomorphic conditions for agricultural development. Second, in order to reduce the risks brought by the natural environment—river junction location—prehistoric humans took the initiative to adopt millet agriculture technology, so as to maximize the use of diversified food resources in the forest-steppe ecological ecotone (Figures 7, 8G).

During the Qijia culture period, stratigraphic sedimentation was ~12 cm, in which house sites, post holes, ash pits and ash ditches have been found (Chinese Society of Archaeology, 2017). Zooarchaeological studies have found remains of pig, cattle and goat that may be domesticated, as well as wild animals such as small deer (Yi et al., 2020). Archaeobotanical studies has found a large amount of millet, as well as wheat and barley from west Asia (Yi et al., 2020; Zhao et al., 2021). It can be concluded that prehistoric humans adopted a novel agropastoral and hunting economy, forming a diversified lifestyle dominated by settlement. The subsistence strategies could represent active adaptation of prehistoric humans to the increasingly cold and dry climatic (Figure 8). Total CC has decreased compared with the Yangshao culture layer (Figure 8F), which may be related to a decrease in biomass due to vegetation degradation and human conscious fire management.

As an important transition area between the QTP and the CLP, the SLK site exhibits ecological characteristics of both high and low elevation regions, and is transitional in terms of climate. Therefore, in the Epipaleolithic to Neolithic transition, the area may play an important role in the communication and integration of different people and cultures.




CONCLUSION

Multi-proxy records from section T1406E show that the SLK site was affected by the local fluvial sedimentary environment, the hydrodynamic energy of cultural layers is small or non-existent. The absolute dating results at the SLK site reveals that prehistoric humans occupied the site during the Epipaleolithic (8.5–7.3 cal ka BP), Yangshao culture (5.9–5.1 ka) and Qijia Culture (4.1–3.9 cal ka BP) periods, respectively. Humans lived a landscape that was predominated by forest-steppe, and the forest coverage gradually decreased from early to late period. Comprehensive multidisciplinary evidence shows that the Epipaleolithic was occupied by hunter gatherers, and transitioned from high mobility in the early stage to relatively fixed seasonal central campsite in the late Epipaleolithic. During the Yangshao culture period, farmers from the CLP spread to upper Yellow River valleys on the QTP, forming the earliest settled village on the QTP (~5.9 ka). During the Qijia culture period, prehistoric humans adopted a diverse use of natural resource overcome the cold and dry climate environment.
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As a global cooling event, many of the climatic and socio-cultural mechanisms that resulted in changes after the 2. 8 ka BP event remain unclear. In China, this period roughly corresponds with the Zhou Dynasty (1046-212 BC), a critical period when ancient Chinese civilization was experiencing significant cultural and technological changes, including the movement of people to modern-day Jiangsu Province, where they intensively used the natural resources found in this the coastal area. Recent archaeobotanical evidence, and two radiocarbon dates on wheat and foxtail millet, indicate that the Datongpu site, which dates around 2,600 cal a BP, was occupied during this period of transition around the 2.8 ka BP climate event. In total, our investigations recovered 3,399 carbonized seeds from seventy-four flotation samples, of which rice, foxtail millet, broomcorn millet, and wheat seeds where predominant along with 2,296 weed seeds. Additionally, we identified several rice spikelets and wheat rachises. The high number of carbonized rice grains indicates that rice farming was the primary crop in an otherwise mixed rice-dry farming system at Datongpu. In addition, we argue that the “2.8 ka BP cold event” probably influenced population growth and caused food shortages throughout Central China, leading people to migrate southeastward along the Huai River to the coastal areas of Jianghuai Region. We argue that this abrupt shift in the climate indirectly facilitated the exploitation and emergence of large-scale agriculture in this area. Our study provides an example for the indirect impact of climate change in areas with relatively favorable climate conditions.

Keywords: archaeobotany, bronze age, wheat, abrupt climate, cultural communication


INTRODUCTION

In the past, changes in climatic regimes have had a profound impact on economic development, the distribution of ethnic groups, social stability, and geopolitics [Intergovernmental Panel on Climate Change (IPCC), 2013; Carleton and Hsiang, 2016; Chen S. et al., 2016; FAO, 2016; Hallegatte et al., 2016; Jia et al., 2017a, 2019; Sellers et al., 2019], as well as human migrations, the emergence of social complexity, and, in China, the patterns of dynastic succession (Weiss and Bradley, 2001; Zhang et al., 2008; Buckley et al., 2010; Pederson et al., 2014; Chen et al., 2015a; Timmermann and Friedrich, 2016; Evans et al., 2018). The “2.8 ka BP cold event” was a rapid global climate cooling event, which likely transformed pre-existing social patterns in a variety of ways (Geel et al., 2004; Sophie, 2006). Some transformations thought to be related to this event include technological innovation, population migration, and novel subsistence strategies. The nomadic population migrated toward the south in the pursuit of better meadows around 2.8 ka BP, which accelerated the formation of the Chinese northern nomadic cultural belt (Zhang et al., 2019). This abrupt climate event also led to an increase in the adoption of wheat as a staple crop in the Central Plains of China (Central and Northern Henan Province, southern Shanxi Province, Southern Hebei Province, and central Shaanxi Province), further promoting population growth and socio-political complexity around 2.8 ka BP (Li et al., 2020). However, the relationship between this climate event and human activities in southern China is less clear, because climate changes do not have a significant or direct impact on human activities in areas with high temperature and large amounts of precipitation. Some scholars have argued that rice's low tolerance to cold temperatures in the lower reaches of the Yangtze River (e.g., Chen et al., 2020; Muhammad et al., 2021) coupled with millet and wheat's higher tolerance to cold temperatures in northern China (e.g., Ji et al., 2021; Xiao et al., 2021), influenced the gradual adoption of millet and wheat in southern diets post 2.8 ka BP.

One way to explore the answer to this question is to use archaeobotany to understand cropping patterns in prehistory, which in many ways act as a bridge between climatic processes and ancient societal changes (Mercuri, 2008; Zeder, 2008; Chen et al., 2015b; Jia et al., 2016; Pokharia et al., 2017; Wang et al., 2021). After crops were first domesticated, people transported them all around the world (Jones et al., 2011). Many of the hypotheses regarding origins and diffusion of domesticated crops put climate change as a crucial role (Dalfes et al., 1997; Bawden and Reycraft, 2002; Staubwasser et al., 2003; Bar-Yosef, 2011; Jia et al., 2016, 2021a; Dong et al., 2019). Technological innovation played an important role in accelerating social transformations and human-environmental interactions during the period between the third and first millennium BCE (Diamond and Bellwood, 2003; Chen et al., 2015b; Dong et al., 2017a).

China has a long Neolithic tradition that is divided along geographic lines: the domestication of millet occurred in Northern China (Zhao, 2004a; Lu et al., 2009; Yang et al., 2012; Zhao et al., 2020) and rice was domesticated in the middle and lower Yangtze area of Southern China (Zhao, 1998; Fuller et al., 2009; Wu et al., 2014b), respectively, and then later diffused around the world. However, many studies focused on the diffusion of millet to the West (Jones et al., 2011; Motuzaite-Matuzeviciute et al., 2013; Miller et al., 2016; Dong et al., 2017b) and rice to the South (Fuller, 2011; Deng et al., 2018; Gao et al., 2020), while the adoption of different agricultural systems is understudied in the areas between these two centers of domestication, particularly in the coastal areas of the Jianghuai Region.

A relatively stable shallow sea environment dominated the coastal area of eastern China due to the continuous rise of sea level from 9 to 7 ka BP. After 7 ka BP, sea level regressed and land gradually expanded and advanced in the direction of the ocean (Zheng et al., 2018). As a result, the flat coastal plain of eastern China gradually came into form around 7–6 ka BP (Ling, 1990; Xue, 2002; Li, 2014). Rice farming was the primary subsistence strategy after 5 ka BP in the coastal areas of Jianghuai Region after the land was exposed, which was verified by rice paddy fields at the Tenghualuo site (Lin and Zhang, 2005; Nanjing Museum, 2014) and the rice remains at the Qingdun (Guo, 2000) and Jiangzhuang sites (Wu et al., 2019). However, the transgression likely prevented large-scale human activities until 3,000 BP in the coastal areas of Jianghuai Region, owing to several marine transgressions which occasionally re-occurred before 3 ka BP (Zhao et al., 1994; Li, 2014). The cropping pattern in this area during this time is unclear due to the lack of written records and archaeobotanical evidence, which restricts our ability to examine the relationship between climate change, sea-level fluctuations, cropping patterns, and human settlement.

Nevertheless, new archaeobotanical data from the Datongpu site (Figure 1), enables us to reconstruct the cropping structure during the Zhou Dynasty (1046-221 BC) as the Jianghuai region was reestablished as a coastal area. Combined with paleoclimate records, we are also able to discuss the mechanisms shaping agricultural cropping structures and crop diffusions.
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FIGURE 1. Location of the Datongpu site and related sites in Jiangsu Province and surrounding area (The location of Donggang, Zhonggang, Xigang and Xingang as referred to Zhu et al., 1996).




STUDY AREA AND SITE DESCRIPTION

The Datongpu site (119.82°E, 33.41°N, 0.1 m a.s.l.) is in Yancheng, Jiangsu Province, in the central coastal area of eastern China and is 73 km away from the coast of the Yellow Sea in the eastern China (Figure 1). There is only about 16 km between the Datongpu site and the ancient coastal sandbars, named Donggang, Zhonggang, Xigang and Xingang (Figure 1) (Zhu et al., 1996). The climate in the coastal areas of Jianghuai Region is in a transitional zone from the subtropical climate in the south to the warm temperate climate in the north, with an average annual precipitation of 785–1,310 mm and a temperature of 13.7–14.5°C (Yancheng Local Chronicles Compilation Committee, 1998). The vegetation type is a mix of deciduous broad-leaf and evergreen broad-leaf vegetation in the north subtropical zone (Yancheng Local Chronicles Compilation Committee, 1998). The main crops include rice, wheat, corn, soybean and rapeseed, and the main animal foods included pigs, sheep, cattle, rabbits, and some aquatic animals (Yancheng Local Chronicles Compilation Committee, 1998).

The coastal areas of the Jianghuai Region are located along the western coast of the Yellow Sea, which are adjacent to the areas between the Haidai Cultural Zone in the north and the Tai Lake cultural zone in the south (Figure 1). The altitude of Central China is higher in the west, and the Huai River was likely a channel of cultural diffusion eastward from Central China. In addition, the flat coastal terrain (1–8.5 m a.s.l.) was likely conducive to the cultural exchange between the north Haidai culture and the south Tai Lake culture. Due to the diverse climatic conditions, dry farming dominated the cropping pattern in Central China and the Haidai zone in the north during the Neolithic, at roughly the same period, rice farming played an important role around the Tai Lake zone in the south (Zhao, 2020).

Datongpu site covers an area of nearly 100,000 m2 (Figure 2). In August 2018, the School of History of Nanjing University has started a 5-year long excavation campaign. Many artifacts were recovered through excavation, including pottery, proto-porcelain, bronze, bone, and porcelain. The representative artifacts that date to the Shang and Zhou periods (1600–256 BC) are bronze knives, primitive porcelain cups, pottery dou vessel (a type of footed grain serving vessel), and bone hooks. In addition, a large number of animal remains have been found, such as antlers and tortoise shells.


[image: Figure 2]
FIGURE 2. The landscapes of Datongpu site. (A) Aerial view of the excavation area of Datongpu site; (B,C) Geomorphic map of Datongpu site before excavation; (D) Excavation plan of datongpu site.




METHODS

A total of 74 soil samples with a volume of 537 liters were collected during the excavation at the Datongpu site in September-December 2019. These soil samples were first placed in buckets, after soaking and cleaning, the light fraction (carbonized plant remains) was collected with a sieve with 80 mesh (aperture size of 0.2 mm) (Zhao, 2004b). Then, the samples were dried in the shade and sorted. The identification on carbonized plant remains was carried out in the Laboratory of Environmental Archaeology, School of Geography, Nanjing Normal University.

The carbonized seeds (wheat from H13 and foxtail millet from H54) were selected for radiocarbon dating with accelerator mass spectrometry (AMS) by Beta Analytic in Miami, Florida, USA. The IntCal20 curve (Reimer et al., 2020) and the Libby half-life of 5,568 years were used to calculate all dates, with the calibration performed using the OxCal 4.4 program (https://c14.arch.ox.ac.uk/oxcal/OxCal.html). All ages reported are relative to AD 1950 (referred to as “cal a BP”).



RESULTS


Radiocarbon Dating

Two calibrated 14C ages from wheat and foxtail millet collected from the Datongpu site are shown in Table 1. These two calibrated 14C ages indicated the age of the site was around 2,600 cal a BP years ago. One calibrated 14C age is within the range of 2,738–2,493 cal a BP and belongs to the Chunqiu Period (Early Eastern Zhou Dynasty, 770–476 BC). The other ones are within the range of 2,707–2,365 cal a BP and date to the transition period from the Spring and Autumn Period to the Warring States Period.


Table 1. 14C dates from the Datongpu site.
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Flotation

A total of 5,146 carbonized plant remains were identified from all 74 soils samples, including 3,399 carbonized plant seeds, 1,738 rice spikelet bases and 9 wheat rachises. There are 1,103 crops seeds, which only account for 32.45% of all carbonized seeds, such as foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), wheat (Triticum aestivum) and rice (Oryza sativa) (Figure 3). Among them, foxtail millet and rice seeds were dominant, followed by wheat and broomcorn millet. Twenty-four types of weed seeds were also found (2,296), including Setaria viridis (L.) Beauv., Echinochloa crusgalli (Linn.) Beauv., Chenopodium album and Rumex acetosa L. et al., account for 67.55% of all carbonized seeds. Among them, the seeds of Rumex acetosa L. dominated the weed seeds assemblage (74.8%). The quantity of charred seeds collected from the Datongpu site is shown in Table 2. In addition, a total of 52.255 g of carbonized wood (larger than 1 mm) were also floated from the soil samples from the Datongpu site, with an average of 0.97 g/10 L.


[image: Figure 3]
FIGURE 3. Charred remains collected from the Datongpu site. (A) Setaria italic (B) Panicum miliaceum (C) Triticum aestivum (D) Oryza sativa (E) Setaria viridi Beauv. (F) Panicum bisulcatum Thunb. (G) Echinochloa crusgalli (Linn.) Beauv. (H) Chloris virgata Sw. (I) Glycine soja sieb.et Zucc (J) Astragalus membranaceus (K) Rumex acetosa L. (L) Polygonum amphibium Linn. (M) Polygonum lapathifolium Linn. (N) Polygonum japonicum Meisn. (O) Verbena officinalis L. (P) Chenopodium album (Q) Scirpus juncoides Roxb. (R) Carex Linn. (S) Wheat rachis (T) Rice spikelet base; scale bar 1 mm.



Table 2. Number of identified carbonized seeds from Datongpu site.
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One thousand seven hundred rumex seeds were collected from one unit of H13, which was likely a dump pit with pieces of broken pottery pieces. The use of rumex may be due to a special type of behavior, which we will study in the future. After excluding the sample of H13, crop seeds account for 64.92% of the total assemblage, and are the dominant part of the macrobotanical assemblage.




DISCUSSION


Rice Farming Dominated Subsistence Strategies in the Coastal Area of Jiangsu Province Around 2,600 cal a BP

The proportion and the ubiquity (81.08%) of samples indicates that agriculture dominated the subsistence strategies at the Datongpu site. The 1,103 carbonized grains include foxtail millet (496), broomcorn millet (6), wheat (132) and rice (469). In addition, there were also 1,738 rice spikelet bases and nine wheat rachises. The 469 carbonized rice seeds and 1,738 spikelet bases were identified from 58 samples, and account for 78.38% of all 74 samples. This ubiquity was higher than the ones of foxtail millet (496, 43.24%), wheat (132 seeds, 9 rachises, 35.14%) and broomcorn millet (6, 4.05%). The carbonized plant assemblages demonstrated that rice agriculture dominated the agricultural activities at the Datongpu site, and dry farming also occupied a subordinate position, including foxtail millet, wheat, and broomcorn millet.

Rice farming originated in the middle-lower reaches of the Yangtze River around 10,000 years ago (Zhao, 2011a; Wu et al., 2014b; Zuo et al., 2017) and occupied most of the area south of the Yellow River around 8,500 BP, including the Haidai cultural zone (Crawford et al., 2013; Wu et al., 2013; Jin et al., 2014) and Central China (Zhao and Zhang, 2009; Deng and Gao, 2012; Zhang et al., 2018; Jia et al., 2021b). Rice domestication was also recognized through the identification of starch grains and phytoliths around 8,500 BP at the Shunshanji site in the north area of Jiangsu Province (Zhang et al., 2014; Yang et al., 2016). Afterwards, the earliest carbonized rice remains were identified around 7,000 cal a BP from the Longqiuzhuang site in central Jiangsu Province (Wang and Zhang, 1998; Archaeology Team of Longqiuzhuang Site, 1999). Previous studies considered that rice farming predominated in Jiangsu Province since the Bronze Age (Li et al., 2021) and included the coastal areas of the Jianghuai Region represented by the Datongpu site.

Foxtail millet and broomcorn millet were domesticated in Northern China around 10,000 BP (Lu et al., 2009; Yang et al., 2012; Zhao et al., 2020). Millet agriculture was widespread during the Neolithic to Bronze Age in the Chinese Loess Plateau area (He et al., 2017) and was also scattered throughout Taiwan (Tsang et al., 2017), Fujian (Fu et al., 2016; Zhou et al., 2017; Deng et al., 2018; Dai et al., 2021) and Jiangxi (Chen et al., 2015; Deng et al., 2020). In addition, wheat agriculture was also introduced into Central China at least 3,500 years ago (Zhao, 2011b; Chen, 2016). Dry farming was found at many archaeological sites belonging to the Shang and Zhou dynasties in the upper and middle reaches of Huai River, including Chengyao (Zhong et al., 2018), Guanzhuang (Lan and Chen, 2014), Wangchenggang (Zhao and Fang, 2007), Yangbao (Cheng Z. J. et al., 2016), and Yantai (Anhui Institute of Cultural Heritage Archaeology, 2010). Dry farming was also found at many archaeological sites before 3,000 BP in the middle reaches of Yangtze River, including Xiezidi (Tang et al., 2014), Chengzishan (Tang et al., 2017) and Yejiamiao (Wu et al., 2010). However, evidence of dry farming is rare in the lower reaches of the Huai River (Datongpu site) and Yangtze River (Dingjiacun site, Wu et al., 2017) until 3,000 BP, except for some sporadic evidence from the Shangshan site (Zhao and Jiang, 2016), Bianjiashan site (Zheng, 2014) and Jiangzhuang site (Wu et al., 2019). Therefore, dry farming likely expanded from the west to the east along the Huai River and the Yangtze River basins, which includes the area around the Datongpu site.

In addition, all crop seeds (1,103) accounted for 32.45% of all carbonized seeds (3,399) found at the Datongpu site. If H13 were removed from the total assemblage, due to its position as an outlier with many rumex seeds (1,700), all crop seeds (1,035) accounted for 75.77% of all carbonized seeds (1,366) found at the Datongpu site. The comparison of crops and weeds was used as an indicator of agricultural intensification, the larger quantity of crop seeds, the higher degree of agricultural intensification (Zhao and Xu, 2004). The proportion of crop seeds at the Datongpu site was lower than other sites that date to the Spring and Autumn Period, e.g., Shenmingpu (Liu et al., 2017), Nanwa (Wu et al., 2014a) and Guanzhuang (Lan and Chen, 2014) sites in Henan Province, Zhuguogucheng (Ma et al., 2019) and Kanjiazhai (Chen et al., 2018) sites in Shandong Province. Therefore, the degree of agricultural intensification was relatively low in Datongpu site. Although these Neolithic people engaged in rice-dry farming in Datongpu site, this agricultural structure was likely designed as a response to the specific environment rather than designed as a strategy to obtain as much food as possible.

The plant assemblage found at the Datongpu site indicates that agriculture was dominated by rice farming and supplemented by dry farming around 2,600 cal a BP in the coastal area of Jianghuai Region. Rice farming in this area likely continued from the Neolithic Age in Jiangsu Province, whereas dry farming may have spread along the Huai River from west to east.



The “2.8 ka Cold BP Event” Indirectly Facilitated Human Exploitation in the Coastal Area of Jiangsu Province

Abrupt climate changes in the past often led to the serious challenges for empires throughout the world (e.g., Weiss and Bradley, 2001; Buckley et al., 2010; Chen et al., 2015a; Jia et al., 2017b; Evans et al., 2018; Xu et al., 2019; Tan et al., 2020a), while favorable climatic conditions promoted the emergence of new civilizations, cultural prosperity and social development again (e.g., Yancheva et al., 2007; Chen et al., 2015a; Putnam et al., 2016; Jia et al., 2017b; Xu et al., 2019). The “2.8 ka cold event” was a strong cold event in the late Holocene (Wanner and Buetikofer, 2008; Vinther et al., 2009; Wang, 2011; Lecavalier et al., 2017; Tan et al., 2020b), which probably corresponded to a significant adjustment in the settlement patterns of human society (e.g., Di Cosmo, 2002; Zhang et al., 2008; Kuzmina, 2015; Li et al., 2020). However, as a pivotal transitional zone between the Haidai cultural zone and the Tai Lake Cultural Zone, the relationship between the “2.8 ka cold event” and human activities in the coastal area of Jianghuai Region, is difficult to define because there are few written records and little archaeological data.

Owing to the relatively stable shallow sea environment which dominated the coastal area of eastern China, the land was submerged during the Holocene Optimum in the eastern coastal area of China (Figure 1), and gradually accumulated sediment and was exposed after 7–6 ka BP (Ling, 1990; Xue, 2002; Li, 2014; Zheng et al., 2018). People began to move eastward to the coastal areas of Jianghuai Region after 5 ka BP (Li et al., 2021). However, owing to the occasional marine transgression, few people settled in this area and instead settled in regions with slightly higher elevations, such as the piedmont area (e.g., Tenghualuo site in Lianyungang City) or knolls (e.g., Qingdun site in Hai'an County) (Li et al., 2021). People engaged in rice farming to ensure the development of civilization after 5 ka BP at the Tenghualuo site (Lin and Zhang, 2005; Nanjing Museum, 2014) and the Qingdun site (Guo, 2000). However, the stratigraphic profiles at the Qingfeng and Qingdun sites indicate that the high sea level decreased around 2.8 ka BP (Zhao et al., 1994; Li, 2014). Further, the Gangxi profile which was 15 km far from Datongpu site, indicates that the sedimentary environment translated to freshwater shallow lake after 2,880 cal a BP, and the Donggang dike developed in the east of Zhonggang (Shu et al., 2021). Therefore, marine transgressions likely prevented large-scale activities until the late Zhou Dynasty in the coastal areas of Jianghuai Region. After that, people may have settled down in the coastal area of the Jianghuai Region without the threat of marine transgression.

Climate change had a limited impact on human activities along the coastal areas of Jianghuai Region since the warm and wet climate was favorable for supporting most agricultural activities. Climatic cooling and drought indirectly influenced human activities by sparking migrations from other places, which was a different than the impact that climate changes had on human societies in northern China. A global climate cooling event occurred around 2.8 ka BP (Wanner and Buetikofer, 2008; Vinther et al., 2009; Lecavalier et al., 2017), which was also indicated in the paleoclimatic records in China (Wang et al., 2005; Wang, 2011; Xu et al., 2019; Tan et al., 2020b) (Figure 4). This event was also recorded in a historical document named the “Zhushu Jinian” (竹书纪年) which was a chronicle written during the Warring States periods (475-221 BC):


[image: Figure 4]
FIGURE 4. The comparison between climate records and human land use in the coastal area of Jiangsu Province around 2.8 ka BP. (A) Temperature anomaly in the Northern Hemisphere (Marcott et al., 2013); (B) δ18O records from Heshang Cave (Hu et al., 2007); (C) δ18O records from Wuya Cave (Tan et al., 2020b); (D) Record in peat humification in Tianmu mountain Region (Ma et al., 2008); (E) Age of Datongpu site (this study).


“Frost occurred in July which was the hottest month of the year (779 BC), peach and apricot fruited in October 2 months later than the normal year (772 BC).”

The “2.8 ka BP cold event” likely indirectly facilitated human exploitation in the coastal area of the Jianghuai Region. Some evidence from human bone isotopes indicated that human diets transformed from C4-based foods in 1000-800 BC to C3-based foods during the Eastern Zhou (770–221 BC) in Central China (Li et al., 2020). The transformations of food structure likely promoted grain production (Li et al., 2020), which led to an increased population. Aside from a small number of studies that argue that the population of the Xia and Shang dynasties was over 10 million people (Zhao and Xie, 1988; Colin and Richard, 1992), most studies agree that the population ranged in the millions, rather than the tens of millions (Jiang, 1988; Pang, 1988; Wang, 1990; Song, 1991). The population increased to more than 10 million during the Spring and Autumn Period (770–476 BC) (Pang, 1988; Lu and Teng, 1999; Jiao, 2007) and reached up to more than 30 million people in the Warring States period (476–221 BC) (Zhao and Xie, 1988; Lu and Teng, 1999; Ge, 2002; Jiao, 2007). Given this rapid population increase and the climate event, it is possible that the “2.8 ka BP cold event” may have triggered conflicts and wars more frequently in Central China, leading to food shortages, and likely led to the fall of the Western Zhou Dynasty (1046–771 BC) (Ge, 2010). Therefore, people began to migrate from the Central Plain to the border areas to avoid the disaster of war, seek new resources and exploit new habitats (Wang and Huang, 2002; Li, 2014; Chao, 2018). Sporadic historical data also show that people mainly from Shandong and Henan fled southward through the Jianghuai region in this period. The people of the state of Xu continued to migrate southward because of the expedition of the people of the state of Zhou and may migrated southward through the Jianghuai region and finally reach the present Zhejiang Province (Xu, 2013). Due to the lack of written records from this proto historic period, we must rely on archaeological evidence to explore the potential for cultural diffusion and human migration. Li (鬲, an ancient cooking tripod with hollow legs) was a typical pottery vessel used in Central China during the Shang-Zhou Dynasties (Ge and Ge, 2009; The Palace Museum, 2014). The emergence of the Li dates to roughly 4,500 years ago in the Yellow River Basin (Zhang, 1997; Shan, 2015). After that, it was brought to many regions with the expansion of culture, until it disappeared during the Warring States Period. The Li diffused from the Shang Dynasty to Spring and Autumn Period and probably represented the cultural expansion and human migration from northwest to southeast in the Jianghuai Region (Figure 5). Humans likely moved eastward along the Huai River from Central China to the coastal areas of Jianghuai Region, and dry farming was also brought to supply the rice farming system. Finally, the mixed agricultural pattern appeared widely after 2.8 ka BP in the coastal areas of Jianghuai Region.


[image: Figure 5]
FIGURE 5. A “waves of advance” diffusion model of the typical artifact “Li” from the Central China to the coastal area during the Shang-Zhou Period (The Li diffused from the Shang Dynasty to Spring and Autumn Period and probably represented the cultural expansion and human migration from the northwest to the southeast in the Jianghuai Region, which might be related to the coastline and the gradual opening of the coastline for agricultural purposes).


Additionally, changes in the East Asian summer monsoon climate caused a decrease from southeast to northwest, and the difference in receiving solar radiation resulted the temperature increased from north to south (Ding, 2021). Therefore, the cold and dry climate may have compelled people to migrate eastward or southward to the comparatively warm and wet conditions in Southern China and Eastern China, which includes the coastal area of Jianghuai Region. As one of the channels for human migration eastward away from the Central Plains, humans likely emigrated eastward along the Huai River from Central China to the coastal areas of the Jianghuai Region, and dry farming was also brought in to supply a rice farming system. Finally, the mixed cropping pattern appeared widely after 2.8 ka BP in the coastal areas of Jianghuai Region.




CONCLUSIONS

The utilization of plant resources was reconstructed in the coastal area of Jianghuai Region based on the charred seeds obtained from Datongpu sites in Yancheng, Jiangsu Province. Rice farming dominated the mixed rice-dry farming around 2,600 cal a BP in the coastal area of Jianghuai Region, and the main crops were rice, wheat, foxtail millet and broomcorn millet.

The “2.8 ka BP cold event” may have intensified the gap between population growth and food storage in Central China, creating a food shortage thus compelling people to migrate eastward or southward to warmer regions. Some people brought dry farming and moved eastward along the Huai River into the coastal areas of Jianghuai Region. The gradual land formation and marine transgression provided a large area of land for human activities after 2.8 ka BP. Their arrival promoted the early exploitation and the emergence of large-scale agriculture and development in the eastern coastal area. Our study provides an example for the indirect impact of climate change in areas with relatively favorable climate conditions.
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This study investigates the reliability of phytolith assemblage analysis for characterizing subtropical vegetation and explores the potential for using these modern phytolith–vegetation relationships for paleoenvironmental interpretation in southeastern China. The samples were collected from five common subtropical vegetation communities in the Daiyun Mountains, southeastern China, with the above-ground vegetation recorded at each plot. Constrained ordination analysis was used to determine the most important factor governing the variations in phytolith assemblages that could be quantitatively reconstructed with weighted averaging partial least squares regression (WAPLS). The relationship between modern phytolith assemblages and the parent vegetation, as well as production, dispersal, and taphonomic processes, was discussed. Results demonstrated that the main subtropical biomes in southeastern China could be well distinguished by soil phytolith assemblages. In particular, the overall amount of tree coverage was well represented by topsoil phytolith assemblages. Grass silica short cell phytoliths (GSSCP) tended to occur in higher proportions in open habitats (shrub-meadow) at higher elevations, whereas non-grass phytolith morphotypes attained higher frequencies under mixed and broadleaf forests at lower elevations. Human-induced deforestation might increase the frequency of GSSCP within the bulk phytolith assemblage. Our results constitute the primary phytolith reference data for the subtropical zone in southeastern Asia where vegetation change during the Holocene period, particularly forest shifts, anthropogenic deforestation, and early agriculture are poorly documented.

Keywords: phytoliths, tree coverage, quantitative reconstruction, subtropics, vegetation


INTRODUCTION

Phytoliths are microscopic silica accumulations produced in many plants by the uptake of soluble monosilicic acid through roots and then precipitated as amorphous opal-A within or between plant cells and tissues (Piperno, 1988). Phytoliths occur in many plants but are especially abundant and diagnostic within Poaceae species (e.g., Twiss et al., 1969; Twiss, 1992; Barboni et al., 1999). As a result, fossil phytolith analysis has allowed researchers to distinguish between forest and grassland landscapes, C3 and C4 grasslands, and environments dominated by different subfamilies of Poaceae (e.g., Alexandre et al., 1997; Barboni et al., 1999; Strömberg, 2004; Boyd, 2005; Bremond et al., 2008; Dunn et al., 2015). In addition, because phytoliths remain well preserved in oxidizing conditions and soil aggregates (e.g., Li et al., 2020, 2022) and are diagnostic to the subfamily level (Twiss et al., 1969; Twiss, 1992; Barboni et al., 1999), they are increasingly recognized as a powerful tool for paleovegetation reconstructions that involve grasses (e.g., Alexandre et al., 1997; Barboni et al., 1999; Strömberg, 2004; Boyd, 2005; Bremond et al., 2008; Dunn et al., 2015; Li N. et al., 2018, 2021), especially for areas in which conventional pollen analysis is not an option.

Despite the valuable role of phytoliths in paleoecological reconstructions in grass-dominated ecosystems, whether phytoliths can aid in forest community differentiation has been questioned. A critical concern is that phytoliths may fail to reconstruct forest vegetation reliably where Poaceae species are absent or uncommon, as in shrublands (Bremond et al., 2004). Globally, the capability of phytolith assemblages to characterize a change in forest communities has been investigated but most of those studies have been conducted in the tropics (Bremond et al., 2004; Barboni et al., 2007; Crifò and Strömberg, 2021), especially in tropical Africa (e.g., Alexandre et al., 1997; Bremond et al., 2004, 2005; Barboni et al., 2007; Chen and Smith, 2013). Emphasis on the tropics may be attributed to the fact that phytoliths produced by tropical woody Palmaceae are easily differentiated using phytoliths. For extratropical vegetation, however, Palmaceae represent at most only a small portion of the vegetation community. Extratropical trees produce only a small amount of diagnostic phytoliths (e.g., Wang and Lu, 1993; Lu et al., 2006), and arboreal species from subtropical and temperate zones produce similar diagnostic types (e.g., Wang and Lu, 1993; Lu et al., 2006; Gao et al., 2018; Wen et al., 2018). Consequently, in extratropical forests where open-habitat grasses are absent or uncommon, very few topsoil-based phytolith–vegetation relationship calibrations are available (e.g., An et al., 2015; Dunn et al., 2015; Biswas et al., 2021; Pei et al., 2021), underscoring that extratropical region-specific calibration is still of great importance for future global dataset comparisons.

In East Asia, the broadleaved evergreen forest represents the climax vegetation of the subtropics and is a product of the monsoonal climate (Hou, 1982). Subtropical forest occupies 25% of China’s total land area and 71% of the total forest area in the global subtropics (Corlett and Hughes, 2015). These forests provide invaluable ecological, economic, social, and aesthetic benefits, particularly in the areas of biodiversity conservation, wood products, food and medicinal provisions, and regulation of regional and/or local hydroclimate (Bonan, 2008). Most of the original natural forest, however, has been removed by intensive agricultural and human disturbance, and has now been replaced by young secondary forests and monocultural plantations, except at high elevations (Corlett and Hughes, 2015). Various forest community types, including both pristine and human-disturbed communities, provide ideal areas to calibrate the phytolith–vegetation relationship in extratropical zones, and doing so would also help evaluate the effect of climate and humans on forest composition, structure, and evolution.

Previous phytolith reference investigations have demonstrated that phytolith types and production associated with broadleaf trees in northern (temperate) and southern (subtropical) China have no detectable differences (cf. Wang and Lu, 1993; Lu et al., 2006; An et al., 2015; Gao et al., 2018) despite tremendous variations in regional climate and forest type. This suggests diagnostic phytolith morphotype(s) that could directly distinguish subtropical forest from temperate forest in China is lacking. However, using morphological and statistical approaches, several recent studies have indicated that phytolith analysis should be considered a reliable tool for specifying forest communities and distinguishing grasslands from forested habitats in the northern temperate zone (Gao et al., 2018). For the subtropical evergreen forest zone, where grass is usually absent or uncommon and evergreen vegetation displays less seasonality (Corlett and Hughes, 2015), the number of phytolith-based studies related to subtropical non-grass and dicot species is quite limited. Phytolith assemblages from subtropical topsoil under different vegetation communities are still understudied, and this has hampered the application of phytolith analysis to paleoecological reconstructions in the subtropics. To overcome this limitation, analyses of topsoil phytolith assemblages and present vegetation could provide important information on representation, abundance, and characteristics of phytoliths in subtropical forests, and thus provide a fundamental reference for the interpretation of the fossil phytolith assemblages preserved in geological archives within this region.

The research reported here investigates the potential and limitations of phytolith assemblages for reconstructing vegetation and tree cover density in the subtropical zone. This initial investigation was accomplished by studying topsoil phytolith assemblages under different vegetation communities along an elevation transect in subtropical mountains of southeastern China. Referring to all available modern phytolith data, this work examines how modern vegetation communities in the monsoonal subtropical forest can be discriminated with phytolith assemblages. The resulting phytolith-based vegetation estimates are compared to satellite data to assess the potential for using phytolith assemblages as interregional and taxa-free proxies of vegetation coverage. The following questions are addressed: (1) Do phytolith assemblages reliably distinguish different forest communities within the subtropical zone? (2) What is the most important factor governing the variability in topsoil phytolith assemblages? (3) Can phytolith analysis serve as an alternative or complementary proxy to pollen? To answer the last question, the efficacy of phytolith analysis is further assessed using a modern pollen rain dataset collected from the same transect (Qiu, 1993).



MATERIALS AND METHODS


Regional Setting

To study a vegetation community with minimum anthropogenic disturbance, the Daiyun Mountains National Nature Reserve (25°38′07″-25°43′40″N, 118°05′22″-118°20′15″E) in central Fujian province of southeastern China was selected. The national reserve was created to preserve the natural subtropical mountain forest ecosystem, which represents one of the most common forest ecosystems in southeastern China (Lin, 2003). Within the core reserve area, farming and stockbreeding are not allowed.

The Daiyun Mountains region is characterized by a maritime monsoon climate. The lowest mean monthly temperatures occur in January and range from 6.5 to 10.5°C; the highest temperatures occur in July and vary from 23.0 to 27.5°C (Lin, 2003). Mean annual temperature for the study area ranges from 15.6 to 19.5°C, while mean annual precipitation in the region extends from 1,700 to 2,000 mm. More than 85% of the annual precipitation falls from March to September each year. The yearly average relative humidity is above 80%.

The average elevation of the reserve is more than 1,200 m, with a maximum elevation of 1,856 m, which represents the second tallest mountain in Fujian Province. Because of the significant elevation differences, the natural vegetation varies from broadleaf evergreen forest (900–1,000 m), broadleaf evergreen-deciduous mixed forest (1,000–1,300 m), coniferous-broadleaf mixed forest (1,100–1,300 m), warm/temperate coniferous forest (1,300–1,500 m), to evergreen shrub-meadow (>1,500 m). The natural variation in forest communities along the elevation gradient, as well as their climatic differences, provides a unique opportunity to verify the applicability of using phytolith assemblages to differentiate forest communities in the subtropics of China.



Sample Collection

In October 2020, 14 topsoil samples were collected from the different vegetation communities along the elevation gradient of the Daiyun Mountains (peak elevation of 1,664 m). The samples were collected from south to north on 14 contiguous plots located along a 700-m elevation transect (Figure 1). Each plot was 10 × 10 m2, except those for shrub-meadow samples, which spanned 2 × 2 m2. Each sample consisted of 3–5 subsamples (5 × 5 × 1 cm3) of soil or litter collected at the four corners and center of each quadrat and then mixed together. Each mixed sample represents the average of the modern phytolith grains produced by the decomposition of above-ground vegetation over a few years. The geographical coordinates, elevation, and dominant species for each quadrat are summarized in Table 1.
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FIGURE 1. Location of the study area and topsoil sampling sites (Table 1) along the elevation gradient in the Daiyun Mountains, southeastern China.




TABLE 1. Location, elevation, and dominant plant species for topsoil samples collected in the Daiyun Mountains.
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Phytolith Extraction

Phytoliths were extracted from the approximately 5 g subsamples of the collected topsoil using a modified version of the Piperno (1988) method (Wang and Lu, 1993). Each subsample was treated with 10% HCl to remove carbonates. Organic matter was removed using 65% HNO3 in a 70°C water bath. The remaining material was then subjected to gravity sedimentation separation to remove suspended clays (repeated 3–5 times) until the pH was neutralized. Phytoliths were extracted through heavy liquid (ZnBr2) flotation at a density of 2.35 g/cm3. After cleaning, each sample was rinsed in distilled water and ethanol and placed on slides in Canada balsam for counting and storage. Phytoliths larger than 10 μm were identified mainly following the classification system used by Lu et al. (2006) and Gao et al. (2018) and with reference to the classification systems of Twiss et al. (1969). Phytolith identification, photographing, and counting (usually >300 diagnostic per sample) were performed at 600x magnification using an Olympus BX53 optical microscope at Xiamen University. Phytoliths were named according to the International Code for Phytolith Nomenclature 2.0 (International Committee for Phytolith Taxonomy (ICPT), 2019).



Climate and Satellite Data Sources and Processing

The annual and monthly climate datasets for each site (including temperature, precipitation, relative humidity, etc.) were interpolated from a network of 59 meteorological stations (Supplementary Figure S1) in Fujian Province provided by the National Climate Center, China Meteorological Administration,1 for the period from 1981 to 2010. Digital elevation model (DEM, 30 m) data were obtained from the NASA Shuttle Radar Topography Mission (SRTM) Global 1 arc second dataset (NASA, Jet Propulsion Laboratory (JPL), 2013). Based on climate data from, and geographical coordinates of, each station (Supplementary Figure S1), and with the aid of a geographical information system (GIS), multiple regression and residue correction methods were used to interpolate climate data for each sample site. The specific interpolation and calculation processes, as well as model performance details, are available in Liu et al. (2014).

The vegetation structure and canopy information for each sample quadrat was retrieved from long-term average (1988 to 2020) Landsat 4–8 satellite images. In this study, Enhanced Vegetation Index (EVI) and Normalized Difference Vegetation Index (NDVI) were calculated for each quadrat. All of these indices were obtained from EROS Science Processing Architecture (ESPA)2 on-demand interface, which offers Landsat 4–5 Thematic Mapper (TM), Landsat 7 ETM+, and Landsat 8 Operational Land Imager (OLI) original surface reflectance, metadata, and spectral indices. Quantitative tree cover data for the topsoil sample quadrats were extracted from a 2000–2012 averaged tree canopy cover dataset (Hansen et al., 2013). Although the spatial resolution of Landsat imaginary (30 × 30 m) and our sample quadrat size (10 × 10 m) differ, the Landsat imagery is of the finest resolution obtainable and is sufficient to allow an estimation of the ability to reconstruct vegetation structure characteristics from phytoliths. The interpolated climate parameters and vegetation indices for each plot appear in Table 2.



TABLE 2. Climate parameters and vegetation indices for samples collected along an elevation gradient in the Daiyun Mountains, southeastern China.
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Statistics and Quantitative Analyses

The percentage of each phytolith type (or taxon) was calculated as a relative frequency with respect to the total phytoliths counted per sample. Diagrams of the relative frequency results were created using TILIA software (Grimm, 1992). Detrended correspondence analysis (DCA) of phytolith assemblages (not shown) demonstrated relatively short environmental gradients in the dataset, thus, redundancy analysis (RDA) was used for constrained ordination analysis. Prior to analysis, phytolith abundances for each plot were Hellinger-transformed and the environmental parameters were standardized. Ordination analysis and RDA plots were performed using the vegan 2.5–7 package (Oksanen et al., 2020) in R. Weighted averaging partial least squares (WAPLS) regression was used to quantitatively reconstruct vegetation indices for the study region with the WAPLS() function in the rioja package of R (Juggins, 2020). All statistical analyses were performed in R 4.0.2 (R Core team, 2020) with RStudio v 1.3.1073 (RStudio team, 2020).




RESULTS


Phytolith Assemblages Under Different Vegetation Communities

Twenty-six phytolith morphotypes were recovered from 14 surface soil samples collected from the Daiyun Mountains (Supplementary Table S1; Figure 2). The phytolith assemblage is shown in Figure 2, and a complete table of all phytolith types identified and counted is available as a supplementary table (Supplementary Table S1). Variations exist within the phytolith assemblages of each vegetation community and inter-plot. This section focuses on both different communities and inter-plot comparisons.
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FIGURE 2. Frequency diagram of phytolith morphotypes observed in topsoil from elevation quadrats in the Daiyun Mountains, China. See Supplementary Table S1 for the full list of phytolith types counted and raw counts per sample. Group I represents evergreen shrub-meadow plots, Group II represents coniferous broadleaf mixed forest plots, Group III represents bamboo forest plot, Group IV represents broadleaf forest plots, and Group V represents anthropogenic deforested shrubland plots, respectively.



Evergreen Shrub-Meadow

Four plot samples were collected under evergreen shrub-meadow (DYS-01, 02, 03, 04, Table 1). The phytolith assemblages in soils of this community were dominated exclusively by grass silica shot-cell phytoliths (GSSCP), particularly Saddle, Bilobate, Rondel, and Cross, at more than 78% (Figures 2, 3). Saddle phytoliths alone constituted a significant portion of this phytolith assemblage (43% on average). The frequency of Saddle phytoliths in this community exceeded that found for this phytolith type in samples from the other communities (Figure 2), suggesting contribution from Poaceae in the evergreen shrub-meadow. Bulliform flabellate were observed in low amounts (3–6%) within these samples but its mean frequency was higher in the evergreen shrub-meadow than in any of the other communities. Arboreal phytolith frequencies were lower in this community than in any of the other natural vegetation communities analyzed (Non-herbaceous mean < 2%). The majority of Non-herbaceous phytoliths consisted of Elongate tabular, a characteristic phytolith morphotype of woody plants, especially from coniferous trees (Gao et al., 2018).
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FIGURE 3. Microphotographs of selected phytolith types recovered from topsoil samples under different vegetation communities in the Daiyun Mountains, southeastern China. (1–2) Bilobate; (3) Cross; (4) Polylobate; (5–7) Rondel; (8–12) Saddle; (13–15) Crenate; (16–17) Acute bulbosus; (18) Spheroid echinate; (19–21) Bulliform flabellate; (22) Elongate entire; (23, 27, 29) Elongate dentate; (24–26) Elongate sinuate (Pteridophyte, cf. Lu et al., 2006); (28) Elongate tabular; (30–32) Blocky; (33) Papillate; (34–35) Tracheary annulate/helical (woody species, cf. Lu et al., 2006; Wen et al., 2018); (36–38) Brachiate (woody species, cf. Lu et al., 2006; Wen et al., 2018); (39) Elongate geniculate (woody species, cf. Lu et al., 2006; Wen et al., 2018); (40,45) Blocky polyhedral (woody species, cf. Lu et al., 2006; Wen et al., 2018); (41–44) Blocky (woody species, cf. Lu et al., 2006; Gao et al., 2018); (46) unclassified (woody species?).




Coniferous-Broadleaf Mixed Forest

Coniferous-broadleaf mixed forest plots are represented by four topsoil samples (DYS-05, 07, 08, 09, Table 1). The phytolith assemblage from coniferous-broadleaf mixed forest quadrats was similar to that of evergreen shrub-meadow, particularly in terms of high GSSCP and low arboreal frequencies (Figure 2). Some differences, however, still exist. Samples from this community exhibited a slightly higher percentage of Non-herbaceous phytoliths (>6% on average), compared to less than 2% in samples from evergreen shrub-meadows. The surface soil phytolith assemblage reflected the observed vegetation inventory with the increasing contribution of woody species. The frequency of GSSCP (68%), however, was lower than from evergreen shrub-meadow. Saddle and Bilobate phytoliths occurred in lower frequencies than they did in the evergreen shrub-meadow, likely because of the decrease in Poaceae abundance and richness (see Supplementary Table S1). Another distinctive feature of the phytolith assemblage under coniferous-broadleaf mixed forest was the presence of Pteridophyte-type phytoliths, although their percentage was not high (about 1% on average).



Bamboo Forest

Due to its comparatively narrow environmental gradient, only one subsample (DYS-06) was collected from the bamboo forest plot. GSSCP (58%) dominated its phytolith assemblage. Here, however, the composition of GSSCP was dominated by Saddle with a notable decrease in the frequencies of Bilobate, Rondel, and Cross phytoliths compared to other plots (Figure 2). One distinctive feature of the bamboo forest phytolith assemblage is the higher percentage of Bulliform flabellate types (15%) than was found in any other studied plot (Figure 2). Morphology investigations suggested that most of the Bulliform flabellate and some of the Saddle phytoliths were produced by Bambusoideae (cf. Supplementary Figure S2 and Gu et al., 2016; Li R. et al., 2017). Non-herb phytoliths occurred at a moderate level, again reflecting the contribution from woody species.



Broadleaf Forest

Four independent quadrat samples (DYS-10, 11, 12, 13) came from the broadleaf forest plots. The majority of phytolith samples obtained from the broadleaf forest plots showed a significant increase in Elongate entire (20%) but decreases in grass silica short cell phytoliths (GSSCP mean: 46%). Non-herbaceous phytoliths, such as Blocky polyhedral, Elongate tabular, and Tracheary annulate types, were consistently present at relatively low levels in the phytolith assemblages despite broadleaf trees being the most abundant species in the vegetation inventory (Table 1). Tracheary annulate and the summed Non-herbaceous phytoliths, however, reached their highest frequencies of the bulk phytolith assemblage (about 18%), undoubtedly reflecting the dominance of woody species in this vegetation community (Figure 2). In particular, in quadrat DYS-10, Tracheary annulate phytoliths (Figure 3) accounted for 15% of the total phytoliths present and represent by far the largest occurrence of arboreal phytoliths. Understory taxa, for which data were not recorded in the botanical inventories, were relatively abundant (Figure 2) in the bulk phytolith assemblages in this community and consisted of plants from the Panicoideae (average 12%), Pooideae (average 7.5%), Chloridoideae (average 1.5%), and to a lesser extent, ferns (average 0.7%).



Anthropogenic Deforested Shrubland

Only a single plot (DYS-14) was sampled within the human-disturbed shrubland (deforested evergreen broadleaf forest). The phytolith assemblage for this plot displayed similarities with assemblages from the evergreen shrub-meadow but differences were also visible (Figure 2), especially in the frequencies of Saddle (10%), Bilobate (43%), and Cross (8%). The deforested shrubland had the highest frequency of Panicoideae (mean: 51%) phytoliths (Bilobate and Cross) among all sample studied (Figure 2 and Supplementary Table S1). The differences in GSSCP frequencies reflect the floristic inventory (Table 1), whereas the subfamily Panicoideae dominated the understory layer of the deforested shrubland. Saddle no longer dominated the phytolith assemblage and presented in low amounts (<10%), which is in contrast to their widespread occurrence in the natural shrub-meadow and coniferous-broadleaf mixed communities at higher elevation sites (Figure 2). A few Non-herbaceous phytoliths were identified but at very low frequencies (Figure 2). Generally, the good accordance between the phytolith assemblage and the botanical checklist suggests that phytoliths could serve as a useful indicator to identify anthropogenic deforestation.




Relationship Between Topsoil Phytolith Assemblage and Bioclimatic Variables


Response of Phytolith Assemblages to the Elevation Gradient

Almost all phytolith morphotypes, except the Pteridophyte-type (PTE), Elongate sinuate (ELO_SIN), Rondel (RON), and Blocky (BLO), showed significant correlation with elevation (Figure 4). The Non-herbaceous phytolith category, which is mainly composed of Blocky polyhedral, Tracheary annulate, Brachiate, Spheroid echinate, Elongate irregular, Elongate tabular, and Epidermal types, showed negative correlations with GSSCP (r = −0.84, p < 0.01, n = 14). With an increase in elevation, the percentages of GSSCP increased, whereas the Elongate and Non-herb phytolith decreased (Figures 2, 4).
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FIGURE 4. Correlation matrix made using the R package “corrplot,” between phytolith morphotype’s percentage and environmental parameters for the topsoil plots collected in the Daiyun Mountains. The legend on the right side of the diagram shows the Pearson correlation coefficients with their corresponding colors. Positive correlations are displayed in blue and negative correlations in red. *, **, and ***denote the statistical significance at α = 0.05, α = 0.01, and α = 0.001, respectively. Phytolith codes (abbreviations) used here are referred to International Committee for Phytolith Taxonomy (ICPT) (2019). Particularly, EPI_PHY denotes Epidermal phytolith; ELO_IRR denotes Elongate irregular; ELO_TAB denotes Elongate tabular; BRA denotes Brachiate; PTE denotes Pteridophyte-type; BUL_FLA_P denotes Bulliform flabellate that is produced by Phragmites; BUL_FLA_O denotes general Bulliform flabellate; TAB denotes Tabular; STO denotes silicified Stoma.




Ordination Analysis Results

Detrended correspondence analysis (DCA) suggested that a linear response model is appropriate for these data. The length of the first DCA axis was 1.238 (Table 3), indicating that the samples represent a small fraction of the environmental gradient and that species responded to the environmental change linearly. Redundancy analysis (RDA), a linear ordination method, was then applied to the phytolith data. The RDA specified that the included environmental factors explained 51.78% of the variation in the phytolith assemblages across all sites. The first and second RDA axes explained 27.96 and 9.73%, respectively, of the total variation in the phytolith assemblage (Table 3). The first RDA axis had a relatively high eigenvalue and captured 53.99% of the total explainable variation among the phytolith–bioclimate relationship. The first two axes together captured 72.70% of the explainable variations. As shown in Figure 5, almost all explanatory variables were separately distributed along the RDA axis 1. Among these variables, elevation showed a negative correlation with axis 1, whereas the vegetation indices were plotted toward the positive direction of axis 1 (Figure 5). It is evident that axis 1 represents the vegetation change induced by the elevation gradient: more negative sample loadings denote higher elevation and lower canopy coverage, whereas more positive loadings suggest lower elevation and denser canopy coverages (Figure 5).



TABLE 3. Summarized results of detrended correspondence analysis (DCA) and redundancy analysis (RDA) on the phytolith assemblages recovered from the topsoil samples collected in the Daiyun Mountains. SD denotes standard deviation units for DCA.
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FIGURE 5. Redundancy analysis (RDA) plot of environmental parameters and phytolith taxa. Scatter points show the first two axis scores. Group I represents evergreen shrub-meadow plots, Group II represents coniferous broadleaf mixed forest plots, Group III represents bamboo forest plot, Group IV represents broadleaf forest plots, and Group V represents anthropogenic deforested shrubland plots, respectively.


Due to the elevation and vegetation gradient, different phytolith morphotypes can be classified into two distinct groups along the RDA axis 1. Grass silica short cell phytoliths (GSSCP), such as Saddle, Bilobate, Cross, Crenate, Trapezoid, and Polylobate, were plotted separately from various Elongate types, Acute bulbosus, and Non-herbaceous phytoliths (Figure 5). Quadrats sampled from high elevation sites (evergreen shrub-meadow, coniferous-broadleaf mixed forest) were plotted along the left direction of RDA axis 1, indicating negative loadings of GSSCP along axis 1 (Figure 5). In contrast, the positive component loadings of other phytoliths were recovered from low to middle elevation plots (broadleaf forest). The second RDA component (axis 2), however, did not show such a clear trend. The single sample collected under the anthropogenically deforested shrubland, which is characterized by high Bilobate frequency, is quite different from the other sites (Figure 5).




Quantitative Estimation of Tree Coverage

Employing WA-PLS regression, the phytolith-based modern canopy tree coverage estimates matched satellite data well (Hansen et al., 2013). Table 4 lists the performance of transfer functions established to estimate the enhanced vegetation index (EVI) and canopy coverage for each quadrat in the Daiyun Mountains (NDVI were not estimated because tree coverage gives similar information with NDVI, r = 0.9386, p < 0.001). The five-component WAPLS model had the most robust performance statistics (Table 4; Figure 6) for both EVI and tree coverage, with satisfactory estimates of percent variance explained and root mean squared error (RMSE) for EVI (R2 = 0.9633, RMSE = 0.0125) and tree coverage (R2 = 0.8531, RMSE = 10.9516), respectively (Figure 6). This suggests that the potential is great for canopy coverage to be quantitatively estimated in subtropical areas.



TABLE 4. Performance of WAPLS model relating to EVI and canopy tree coverage and phytolith variance.
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FIGURE 6. The 5-component WA-PLS inference model results for (A) observed versus predicted enhanced vegetation index (EVI), (B) observed EVI versus residual values, (C) observed versus inferred tree coverage (%), and (D) observed tree coverage versus residual values.





DISCUSSION


Reliability and Limitations of the Survey


Accordance Between Field Vegetation Inventory and Phytolith Assemblages

Comparing the phytolith assemblage to the floristic checklist, generally good accordance was found between the topsoil phytolith assemblages (Figure 2) and the plant taxa documented in the specific vegetation plot inventory (Table 1). For example, in the evergreen shrub-meadow plots, various Poaceae and Cyperaceae species were encountered during the field survey, and this is faithfully reflected by the dominance of GSSCP. However, differences still exist. For instance, Phragmites Bulliform flabellate (<1% on average) was recovered from three of four evergreen shrub-meadow plots, but Phragmites species were not mentioned in the species list. Moreover, ferns were recorded in the plant checklist in the bamboo forests but diagnostic phytolith morphotypes of pteridophyte were not recognized within the surface soil phytolith assemblages. Those phytoliths may represent inheritance from past vegetation or input from a nearby quadrat transported into the study plot by aeolian processes or surface runoff (Dickau et al., 2013; Watling et al., 2016). The contribution of those extraneous phytoliths might increase the uncertainty of topsoil phytolith-based climate or vegetation estimation models, especially when dramatic differences exist between current and past vegetation. However, as reflected by the phytolith frequency diagram, the contribution of extraneous phytoliths to the bulk phytolith assemblages, was comparatively low (despite not being able to accurately estimate how many phytoliths were inherited or transported from past/nearby vegetation). Our phytolith sampling array generally reflected the alternations in natural vegetation communities: the percentages of GSSCP increased from lower elevation sites to higher elevation sites, whereas the silica long cell phytolith and Non-herb phytolith decreased (Figures 2, 4).

Differences in representativeness between arboreal and herbaceous (or grass) phytoliths, however, were also significant in our study, which is consistent with previous calibrations (Piperno, 1988; Wang and Lu, 1993; Bremond et al., 2004; Hyland et al., 2013; Crifò and Strömberg, 2021). Topsoil phytolith assemblages of all samples were dominated exclusively by GSSCP, suggesting a strong over-representativeness of GSSCP to Poaceae species (Figure 2). Even in the broadleaf forest quadrat, Non-herbaceous phytoliths, accounted for less than 18% (on average) of the bulk phytolith assemblage, whereas GSSCP represented approximately 46% of the total phytoliths (Figure 2). Since GSSCPs are produced abundantly by all parts of Poaceae, grass presence in the samples might be significantly over-represented. In contrast, as most arboreal phytoliths are produced in the leaves of the trees in subtropical evergreen forests, the under-representation of arboreal phytoliths to trees is not surprising (Piperno, 1988; Wang and Lu, 1993). Future additional calibrations are needed to address the representativeness differences between arboreal and herbaceous phytoliths, as has been done in palynology (e.g., Sun et al., 2016; Jiang et al., 2020; Fang et al., 2022). Regardless, relative abundances of arboreal and grass phytoliths varied consistently with natural vegetation changes along the elevation gradient, suggesting that phytolith assemblages might be a useful tool for quantitative vegetation reconstruction.



Robustness of the Phytolith-Based Canopy Coverage Transfer Function

Because of intense deforestation activities in subtropical evergreen forests, the natural (or less disturbed) vegetation is restricted to high mountain areas. In this study, only 14 plots were sampled under different vegetation communities along the relatively short elevation transect in the Daiyun Mountains of subtropical China. It is not possible, therefore, to establish a robust phytolith assemblage-based quantitative estimate of canopy coverage for the entire subtropics based on the results of this study alone. As shown in Table 4, although the five-component WA-PLS model predicted EVI and tree coverage in close approximation to the observations obtained from satellite imagery (Figure 6), leave-one-out cross-validation suggested that the five-component WA-PLS model did not have a strong coefficient of determination (R2 < 0.1) nor a low root mean square error of prediction. This might be attributable to the small size of the training dataset: when fewer samples are considered, the robustness of the transfer function is challenged.

Turner et al. (2021) postulated that the robustness of a transfer function depends largely on the sampling range and the continuity of modern reference sites rather than on the number of samples. Despite the short sampling transect in the present study, the tree coverage of the studied plots as estimated from satellite data ranged from 0 to 89% (Table 2), spanning a wide range of canopy coverage that may represent the different vegetation types. However, the training dataset included more dense plots (forest plots that have denser canopy coverage) than sparse plots (shrub-meadow plots with less dense canopy cover). In leave-one-out cross-validation, the removal of those less but important plot points might significantly increase the discontinuity of modern reference sites, consequently causing significant bias and decreasing the robustness of the prediction model (Table 4).

To validate the effect of a small training dataset, when the initial dataset was expanded by one time (each training subsample replicates once without incorporating any new data), the robustness of the predictive model is significantly improved (Supplementary Table S2). Cross-validation of the WA-PLS transfer function based on 28 samples yielded significantly increased coefficients of determination and much lower root mean square errors of prediction (Supplementary Table S2). The limited stability of the 14-sample-based canopy coverage prediction model is attributable to the small size of the modern sample array. Therefore, each plot included in our sample array is vital for establishing a reliable canopy coverage prediction model, and the set of all samples should be treated as a whole.

Despite the above caveats, canopy coverage in subtropical forests can be estimated effectively by topsoil phytolith assemblages. In the future, incorporating more data points from the study area might improve the transfer function. The fundamental contributions of this study, however, should remain intact: phytolith assemblages from subtropical forest topsoil are strongly connected to the openness of the landscape, and the percentage of GSSCP decreases with increasing density of canopy cover.




Phytoliths as a Promising Tool for Canopy Coverage Reconstruction: Inter-Proxy Comparisons and Ecological Interpretations


Comparisons Between Phytolith and Pollen Assemblages Along the Elevation Transect

Comparisons between topsoil pollen and phytolith assemblages suggest that phytolith assemblages faithfully reflect the vegetation composition as well as pollen does. In forest landscapes, pollen has been considered more powerful than phytoliths because pollen bears finer taxonomic resolution to different plant species than phytoliths do (phytoliths can distinguish only grass-related landscapes). However, results of the present study suggest that, despite the dominance of the non-herbaceous Fagaceae (oaks and other genera) in this subtropical forest (Table 1), phytolith assemblages display vertical distribution patterns that are similar to topsoil pollen assemblages.

Modern pollen assemblages collected along the elevation transect in the Daiyun Mountains were dominated by Pinus, Dicranopteris, Castanopsis, and Poaceae types, which account for more than 80% of the total pollen assemblage (Qiu, 1993). Pinus has been more frequently recorded in samples from the coniferous-broadleaf mixed and broadleaf forests but was almost absent in the shrub-meadow zone. Castanopsis, which was quite abundant in field plot surveys, presented low percentages below the elevation of 1,300 m but increased significantly above 1,300 m (Figure 7A). Interestingly, arboreal pollen reached its highest frequency in the coniferous-broadleaf mixed forest but was much lower in shrub-meadow (Figure 7A). Arboreal phytoliths, in contrast, had higher frequencies in coniferous-broadleaf mixed and broadleaf forests (Figure 7A). Poaceae pollen presented higher frequencies in high shrub-meadow zones, whereas Dicranopteris was frequently recorded in the coniferous-broadleaf mixed and broadleaf forests (Figures 7B,C). Our phytolith data agree with the pollen records: GSSCP gradually increased with elevation and Pteridophyte phytoliths were occasionally recorded in forest communities (Figures 7B,C).
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FIGURE 7. Bar chart showing the selected pollen (Qiu, 1993) and phytolith assemblages along the sampled elevation gradient in the Daiyun Mountains. (A) Major arboreal pollen versus Non-herb phytoliths; (B) Dicranopteris versus Pteridophyte phytoliths; (C) Poaceae pollen versus GSSCP.


Despite the general agreement, the relative abundance of each taxon shows dramatic differences between phytolith and pollen records. Arboreal pollen in coniferous-broadleaf mixed forest, for example, accounted for more than 60% of all pollen counted (Figure 7A, Qiu, 1993), but arboreal phytoliths represented no more than 6% of the phytolith assemblage. Another significant difference between pollen and phytolith records lies in their different representativeness to ferns. Dicranopteris spores represented more than 30% on average of the total pollen and spore assemblages in forest plots, whereas Pteridophyte phytoliths (Figure 7B) accounted for less than 1% of the phytolith assemblage. Phytoliths, moreover, may have significantly over-represented the presence of Poaceae (with GSSCP accounting for more than 65%), but Poaceae pollen comprised no more than 5% of the pollen assemblage under forest plots (Figure 7C).

Representativeness differences between pollen and phytoliths to different plant taxa agree with previous calibrations in the same or adjacent bioclimatic zones (e.g., Sun et al., 2016; Jiang et al., 2020; Fang et al., 2022). Pollen-vegetation relationship calibrations have found that R values of the Pinus, Castanopsis, and Dicranopteris pollen (or spores) are greater than 1 (R is the representativeness of a given pollen type, cf. Davis, 1963), indicating that those pollen and spore types may significantly over-represent their occurrence in subtropical forests (e.g., Sun et al., 2016; Jiang et al., 2020; Fang et al., 2022). This explains why the percentage of Pinus pollen was greater than 40% in broadleaf forest plots despite the almost total absence of Pinus species in those communities (Table 1 and Figure 7A). Strong over-representativeness was also found in Dicranopteris species, which usually occur in the ground layer of broadleaf or coniferous-broadleaf mixed forest types since they can survive better than other herbs under shady, humid habitats. Their frequency in the vegetation survey, however, was much lower than recorded Dicranopteris spores would suggest (approximately 60%). Poaceae pollen is moderately representative of Poaceae (with R value close to 1, cf. Sun et al., 2016; Jiang et al., 2020), and this explains why Poaceae pollen is a relatively good indicator of vegetation composition.

Phytoliths have the same problem with respect to representativeness differences. For instance, arboreal species might be significantly under-represented by arboreal phytoliths (e.g., Piperno, 1988; Dickau et al., 2013; Watling et al., 2016) because most arboreal phytoliths are produced in the leaves of the tree. Grasses, in contrast, are strong phytolith producers (cf. Piperno, 1988; Dickau et al., 2013; Watling et al., 2016). As a consequence, GSSCP that is diagnostic of Poaceae usually dominates the phytolith assemblages even where they are rare in the vegetation inventory.

Significant differences in dispersal, transport, and taphonomic processes are some other remaining factors accounting for the discrepancies between pollen and phytolith records. In mountainous areas, convectional uplift can cause significant upslope transportation of pollen (Qiu, 1993). Castanopsis species, for example, dominated the broadleaf forest understory (vegetation inventory) but were almost absent in the pollen assemblage. In shrub-meadow and coniferous-broadleaf mixed forest quadrats, however, Castanopsis dominated the pollen assemblage in topsoil (Qiu, 1993). The mismatch between the vegetation inventory and the topsoil pollen assemblage might be linked to the vertical transport of pollen (Qiu, 1993), causing additional complexities in interpreting the topsoil pollen assemblage accurately. Besides vertical transportation, topsoil pollen might be subject to selective preservation; thin-walled taxa may be destroyed during taphonomic processes resulting in lower percentages, while pollen taxa with thicker walls may survive and therefore accumulate in a comparably higher percentage (Mander and Punyasena, 2018; Chevalier et al., 2020; Fang et al., 2022). As a result, changes in the relative abundance of pollen assemblages may reflect taphonomic processes, rather than ecological factors (cf. Mander and Punyasena, 2018; Chevalier et al., 2020; Fang et al., 2022). For phytoliths, the aeolian transportation and selective preservation that is quite common for pollen, have less impact on soil phytolith assemblages. Due to their biogenic silica structure, phytoliths are less sensitive to aerial transportation and can be better preserved in the soil than pollen. Phytoliths faithfully recorded the above-ground vegetation and have finer taxonomic resolution for subfamilies of Poaceae. Despite the strong under-representation of arboreal species, the topsoil phytolith data in this study agree with pollen records (Qiu, 1993), reflecting the gradual canopy coverage change along the elevation gradient, and are less likely to be influenced by post-deposition transportation and taphonomic alterations.



Tree Coverage Governs the Phytolith Assemblage Change

Availability of sunlight to the ground layer has been shown to be the primary factor shaping the composition of and variation in herbaceous communities in time and space (e.g., Neufeld and Young, 2003; Niinemets, 2010; Plue et al., 2013; Mestre et al., 2017). The effective amount of radiation reaching the forest floor is determined by forest structural characteristics and tree species (e.g., Plue et al., 2013; Mestre et al., 2017). In evergreen broadleaf forests (lower elevation plots in this study), trees transmitted only a small proportion of sunlight to the forest floor, which depressed the grass richness and diversity but actively encouraged growth of ferns and sedges (strong shade-casting species). In other words, understory plants in dense evergreen broadleaf forests are adapted to low light availability in all seasons (Plue et al., 2013; Mestre et al., 2017). In the coniferous-broadleaf forests, however, the canopy of Pinus taiwanensis and broadleaf tree species is less dense and their leaves are substantially thinner than those of evergreen forest species. As a result, more solar radiation reaches the understory of this high elevation forest. In addition, because the coniferous trees in this area and deciduous trees drop their leaves in autumn, there exists an additional increase in light availability for the understory (Plue et al., 2013; Mestre et al., 2017). Previous field vegetation inventories in the Daiyun Mountains (Supplementary Figure S3; Dai, 2009; Zheng et al., 2016) have also shown that the composition and biodiversity of the understory herbaceous communities are mainly controlled by the sunlight reaching to the ground layer: shade-tolerant Pteridophyta and Cyperaceae dominate the ground layer in most forest quadrats and their dominance generally decrease with increasing elevation (Supplementary Figure S3; Dai, 2009; Zheng et al., 2016). Sunlight-demanding and dryness-tolerant Poaceae and Compositae start to dominate the ground layer in the shrub-meadow located at the top of the mountain (Supplementary Figure S3; Dai, 2009; Zheng et al., 2016).

The present study shows that the topsoil phytolith assemblages, although mostly produced by herbs, faithfully reflect the influence of canopy structure on understory structure and composition. Overall GSSCP richness is related to the forest type, following the order shrub-meadow > mixed forest > evergreen forest (Figure 8). This is in good accordance with field floristic studies, which have underscored that the diversity of the herbaceous layer is greater in the shrub-meadow community than in the mixed and evergreen forest. While coniferous-broadleaf forests are similar to evergreen broadleaf forests, the former may facilitate diversity and/or richness of the herbaceous layer by providing a heterogeneous environment allowing the co-existence of common shade-tolerant species along with light-demanding grasses (Plue et al., 2013; Zheng et al., 2016; Mestre et al., 2017). Canopy coverage control of sunlight remains the most likely driver behind the observed changes in phytolith assemblages. The prolonged period of quantitatively low (high canopy density) or even qualitatively decreasing light availability is likely to be the factor directly responsible for this marked decline in abundance, diversity, and/or frequency of grass short-cell phytoliths.

[image: Figure 8]

FIGURE 8. Summary of different vegetation index and phytolith percentages for different plant communities collected along the elevation gradient in the Daiyun Mountains. (A) Enhanced vegetation index (EVI); (B) Grass silica short cell phytolith (GSSCP); and (C) Non-herb phytolith percentages.





Implications for Paleoclimate and Paleovegetation Reconstruction

Using modern topsoil samples collected under different bioclimatic conditions, it has been proposed that variations in phytolith assemblages reflect changes in climate variables and therefore can be used for vegetation and climate reconstruction (e.g., Lu et al., 2006, 2007; An et al., 2015; Biswas et al., 2021). One fundamental assumption in that notion is that all species have climatic optima for efficient growth (e.g., Yu et al., 2004; Zheng et al., 2008). These optima, as well as extreme limits, can be reconstructed using pollen or phytolith evidence from plants (cf. Yu et al., 2004; Lu et al., 2006, 2007; Zheng et al., 2008).

Calibrating phytolith assemblages as a potential quantitative proxy for temperature or precipitation is more challenging than doing so with pollen mainly because of the multiplicity and redundancy characteristics intrinsic to the production of phytoliths (cf. Piperno, 1988; Barboni and Bremond, 2009). In addition, Poaceae, the most important phytolith producer, comprises about 10,000 species in approximately 700 genera that are distributed globally (e.g., Finot et al., 2011). The wide ecological amplitude of Poaceae, as well as the comparably narrow sampling gradient in the present investigation, means that a reliable transfer function which could be used to quantitatively estimate a climate variable for the subtropical area might be challenging. Because this investigation was conducted within a limited area of a 700-meter transect in the subtropical zone, the climatic gradients are limited: the mean annual temperature for each site ranges from 13.04°C to 16.36°C, whereas the mean annual precipitation varies from 1781.75 mm to 1938.23 mm (Table 2). However, the tree coverage gradient for our sampling array is relatively larger: the canopy coverage ranges from 0 to 89.15% (Table 2). Therefore, instead of trying to perform regression between climate parameters and phytolith assemblages, we here established the phytolith-based model to estimate the canopy coverage, since the most direct and intrinsic reason for changes in phytolith assemblages is change in vegetation (Dunn et al., 2015).

Due to the local depositional characteristics, phytoliths might perform better than other botanical indicators in quantitative canopy coverage reconstructions (cf. Dunn et al., 2015; Birks et al., 2016). They may help scientists better understand the ramifications that changes in global to local scale climate have on vegetation dynamics and on climate-vegetation feedbacks (e.g., Dunn et al., 2015). Caution, however, should be used when interpreting fossil (modern) phytolith assemblages because (1) Poaceae are the biggest producers of phytoliths, but also a large family whose species can adapt to different bioclimate conditions and are therefore distributed globally (e.g., Finot et al., 2011); (2) The complexity and redundancy of phytoliths may interfere with the correct identification of parent plants, especially for grass (cf. Piperno, 1988; Barboni and Bremond, 2009); (3) Differences in the representativeness of arboreal and herbaceous (particularly grass) phytoliths may lead to over-estimation of grass and underestimation of trees; (4) Anthropogenic deforestation could increase the canopy openness and consequently increase the frequencies of GSSCP (Figure 2) in a process that is independent of climate (Qiu, 1993). Caution must be exercised when using phytolith assemblages for quantitative paleoclimatic reconstruction lest it be interpreted incorrectly.

This study, along with others, contributes to the calibration of the climatic and vegetation significance of topsoil phytoliths (e.g., Lu et al., 2006, 2007; An et al., 2015; Biswas et al., 2021). The present study, however, is also important in linking phytolith assemblages to canopy coverage in the subtropical forest of China, with the frequency of grass short-cell phytoliths depending more on canopy coverage than climate factors directly. This explains topsoil phytolith investigations from the temperate forest-steppe ecotone where GSSCP account for 50 ~ 70% of the total phytolith assemblage (e.g., Li D. et al., 2017, 2018; Gao et al., 2018). Our analysis also supports the notion that human-induced deforestation may cause an increase in GSSCP that is independent of any climate variable. Future studies should collect data from different settings to understand how local climate and vegetation may change the phytolith–vegetation (climate) regressions in order to promote the application of phytolith analysis for paleoclimate and paleoelevation reconstructions in the subtropics.




CONCLUDING REMARKS

This study provided fundamental information pertaining to the interpretation of fossil phytolith assemblages recovered from various sedimentary archives in the subtropics of monsoonal China. Phytoliths from 14 modern soil samples under different vegetation covers were examined and described. Analysis of topsoil samples along the elevation transect in the Daiyun Mountains revealed significant differences in phytolith morphotype composition that generally reflected species composition of the standing vegetation, especially the understory composition of different forests. While individual species cannot be detected, phytolith analysis could identify broadleaf forest, coniferous-broadleaf forest, and shrub-meadows: non-grass phytoliths appear to be the most distinctive morphotypes, but their relative abundance in vegetation might be significantly under-represented in phytolith assemblages. Grass phytoliths were the most abundant phytolith morphotypes but may over-represent the Poaceae species.

Study of phytolith–environmental relationships showed that certain morphotypes occurred preferentially in certain vegetation (climates) and at certain elevations. For example, GSSCP tended to occur in higher proportion in open habitats at higher elevations, while non-grass morphotypes occurred under mixed and broadleaf forests at lower elevations. Pteridophyta were generally more abundant in samples from moist habitats under dense broadleaf forests. The structure and openness of the canopy cover most likely modulates variations in phytolith assemblages along the evaluation gradient. We therefore established a WAPLS transfer function for future quantitative estimates of tree coverage for the study area. Our study implies that future quantitative and qualitative analyses of biogenic silica in subtropical mountainous soils (sediments) may provide a record of past fluctuations in elevation of woody versus herbaceous vegetation during the late Quaternary, triggered by variations of climate and/or by the impact of human activities. Sampling a wider range of sites across longer environmental gradients than used in this study could further improve and/or validate our understanding of the phytolith–vegetation–climate relationships.
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Despite decades of investigation, consensus has yet to be reached on when and where wheat replaced millet as the primary crop in the core regions of early Imperial China. Previous studies have suggested that wheat cultivation likely became widespread prior to or during the Han Dynasty (202 BC–AD 220). Here, we tested this hypothesis by applying archeobotanical tools to plant remains found in five pottery model granaries (cang) entombed in a newly excavated late Western Han burial at the Longzaocun cemetery in the Guanzhong Basin. This analysis allowed us to explore the extent of wheat expansion and agricultural strategies in the heartland of early dynastic China. Macro- and micro-botanical evidence shows that the Longzaocun residents consumed two kinds of crops: foxtail and common millet. Combining these findings with previous studies, we argue that millet-based multi-crop farming dominated the regional agricultural system during the Western Han Dynasty (202 BC-AD 8) and analyze the political and cultural motivations for the Han people’s usage on millet crops from the burial concepts and fiscal systems. Echoing previous studies, we argue that millets remained the most valuable subsistence food for inhabitants of the Loess Basins in the Han core, and that wheat was not cultivated on a large scale in this area during the Western Han Dynasty.
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INTRODUCTION

The temporal and spatial distribution of ancient farming and its underlying dynamics are key issues for understanding past processes of human social development (Bellwood, 2005; Crawford, 2006). Relying on extensive archeobotanical, stable isotope, DNA, and other scientific archeological approaches, the central regions of global agricultural origins and main routes of crop dispersion during the Holocene have been outlined for the Chinese case (Zhao, 2019a). In China, considerable archeobotanical studies over the past two decades have made significant contributions in revealing the origin and development of Neolithic agriculture (Zhao, 2011a,b). Adaptations to global climate change during the terminal Pleistocene and initial Holocene precipitated the domestication of two Asian millet crops in the Yellow River valley at about 10,000 BP, while dryland farming dominated by millet cultivation was established in northern China at around 5,000 BP (Lu et al., 2009a; Yang et al., 2012; Zhao, 2020a,b). Despite these understandings of the prehistoric Chinese agricultural economy, research on agricultural dynamics in the subsequent dynastic period has been considerably lacking.

The Han Dynasty (202 BC-AD 220) was one of the most prosperous of the unified dynasties of Chinese history and at its time the most advanced civilization on the planet (Jian, 2019). An expanding iron smelting industry greatly improved the efficiency of agricultural production, and the small-scale peasant economy established in this period became the social and economic backbone of northern China for the next two millennia (Zhang, 1987; Huang, 2007). The Han government also attached great importance to its trade with Western peoples and polities, pioneering the Silk Road and bringing in grapes, walnuts, carrots, pomegranates, spices, and additional cash crops throughout this period (Min, 1991; Shi, 2014). Agricultural strategy and dynastic development clearly go hand-in-hand, at the same time offering a contribution to the archeological and historical research on the culture of major crops across the great length of Chinese history.

In historical documents, the primary Han dynasty farming package, known as the“five grains,” can be traced back to the Analects of Confucius (论语) (Shen, 1998). Yet there is no unified explanation for the composition of “five grains” in ancient documents, while some even believe a number higher than five was meant “six grains” or “nine grains” (Shen, 1998; Song, 2002). Harnessing the evidence in the archeological record, it is certain that foxtail millet (Setaria italica), common millet (Panicum miliaceum), rice (Oryza sativa), wheat (Triticum aestivum), soybean (Glycine max), and hemp (Cannabis sativa) were already consumed in the Han Dynasty (Liu, 2005, 2016; Zheng, 2021). Of these, foxtail millet, common millet, rice, and soybean were all domesticated in China and cultivated for millennia, and only wheat was indisputably an exotic import (Zhao, 2019a).

Reported early wheat remains in China are concentrated along the middle and lower reaches of the Yellow River and in China’s northwest region (Zhao, 2015). Carbonized wheat remains show that wheat was introduced to China from West Asia prior to 5,000 BP (Dodson et al., 2013; Liu et al., 2017; Long et al., 2018; Chen et al., 2020; Zhou et al., 2020). Mentions of wheat are frequent in the Chinese historical literature (Zhao and Chang, 1999; Han, 2013). However, the process driving the switch from a millet-based agricultural strategy to an economy more focused on wheat production remains unclear.

Although much work remains to be done to enhance our understanding of the Han empire’s agricultural economy, existing textual records in Chinese suggest that wheat cultivation in the core area of the Western Han Dynasty (202 BC–AD 8), the Guanzhong Basin, was relatively lagging compared to the Central Plains (Zhao and Chang, 1999). In the pre-Han period, recent stable C, N isotope analysis of bones from Central Plains sites during the Eastern Zhou dynasty (770–206 BC) have suggested that millets were the staple food of the nobility, while urban commoners consumed a considerable amount of wheat under considerable subsistence pressure (Zhou et al., 2017, 2019, 2021; Tian and Zhou, 2020; Zhou, 2020). Isotopic evidence has also indicated that wheat farming was promoted in the Shanxi area prior to the Han Dynasty (Tang et al., 2018), while other studies argue that rotation of summer millet and winter wheat may have been implemented in the Central Plains by the late Western Han (Zhao, 2020). These new findings have forced archeologists to reconsider regional and class differences in crop choice in the northern regions of early imperial China. In the present day, wheat has overwhelmingly replaced millet as the dominant crop species in agricultural production in northern China, but scholars remain uncertain exactly when and where it impacted the traditional millet-based agricultural pattern and exerted its subsequent profound impact on the heartland of early dynastic China.

In the present study, we focus on newly generated data from an archeobotanical study on plant specimens recovered from five pottery model granaries buried containing an individual dated to the late Western Han Dynasty found at the Longzaocun cemetery (34°27′26.8″N, 108°48′21.7″E, Figure 1) in the Guanzhong Basin. This allows us to further examine the hypothesis of large-scale cultivation of wheat crops in the core political regions of early dynastic China. Our data is combined with existing archeological data from Han burials around modern-day Xi’an (Zhao, 2009; Zhang et al., 2013; see Figure 1, detailed in Supplementary Table 1). Our study provides a novel insight for understanding the essential agricultural strategies in the densely populated capital region at the dawn of Imperial China, circa 2,000 BP.
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FIGURE 1. Location of the Longzaocun cemetery and other related archeological sites around Han Chang’an City in Xi’an. (1) Jichang; (2) Longzaocun; (3) Guandao; (4) Ronghai; (5) Shijia; (6) Shiyou; (7) Hairong; (8) Jiaoxiao; (9) Yannan; (10) Quchun; (11) Guangming; (12) Yanhu; (13) Ligong; (14) Xizha; (15) Sanzhao.




MATERIALS AND METHODS

A total of five pottery model granary samples were collected from the brick tomb M111 (Figure 2) at Longzaocun cemetery. Based on the different degrees of preservation of the plant remains among the study samples (Figure 3), we selected macro-botanical methods and phytoliths and starch grains analyses to identify the relevant plant species. Specifically, three samples (M111: 5, M111: 6, M111: 8), dominated entirely by visible macro-botanical remains recovered from three model pottery granaries, were identified with a Nikon SMZ800N stereomicroscope at the Institute of Archeological Science, Fudan University. Our plant nomenclature followed the guidelines in TROPICOS1. All plant remains are currently stored in the Department of Cultural Heritage and Museology, Fudan University, Shanghai. Two additional soil samples without visible macro-botanical fossils, contained in the other two pottery granaries (M111: 7, M111: 9) were tested through phytolith and starch grains analysis, in order to determine the nature of these grain remains. These tests were used 3 mg samples and were performed at the Laboratory of Bio-Archeology at the University of Science and Technology of China in Hefei.
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FIGURE 2. M111 tomb at the Longzaocun cemetery, (a) overhead photograph of the tomb; (b) interior photograph of M111 and buried objects, (c–g) photographs of pottery model granary and plant remains.
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FIGURE 3. Study samples collected from the Longzaocun cemetery M111.


Starch grain analysis was first carried out with 5% (NaPO3)6 (Sangon Biotech, Shanghai) for anti-flocculation treatment. After reducing the dispersion of sediment samples, 10% HCI (Sinopharm Chemical Reagent Co., Ltd.) was mixed to remove carbonate impurities. Following this, a heavy liquid (CsCl, a density of 1.89, Sinopharm Chemical Reagent Co., Ltd.) was used to extract starch grain by L535-1 Floor-type Low Speed Macro Centrifuge, Cence, at 1,000 rpm in 8 min, 25°C. Phytolith analysis was performed on all samples following the procedures outlined by Piperno and Runge, with slight modifications (Piperno, 1988; Runge, 1999). First, before 10% HCI (Sinopharm Chemical Reagent Co., Ltd.) and 30% H2O2 (Sinopharm Chemical Reagent Co., Ltd.) were treated to remove organic matter and carbonates, 5% (NaPO3)6 (Sangon Biotech, Shanghai) was also chosen to clean the clay. Phytoliths were then extracted using a heavy liquid (ZnBr2, a specific density of 2.35, Sinopharm Chemical Reagent Co., Ltd.).

Extracted starch grains and phytoliths were mounted on slides with 25% Glycerol (Sinopharm Chemical Reagent Co., Ltd.) and Canada balsam medium (Sinopharm Chemical Reagent Co., Ltd.) respectively. Each slide was observed and photographed under a Leica DM4500P polarizing microscope (200× and 630×). The identification and nomenclature of starches and phytoliths were based on the laboratory’s modern sample database and standard reference materials (Madella et al., 2005; Lu et al., 2009b; Neumann et al., 2019; Henry, 2020).



RESULTS


Identification of Macro-Botanical Materials

A significant number of macro-botanical fossils of crops were recovered from pottery containers at Longzaocun cemetery M111. Two varieties of Asian millet taxa, including Setaria italica and Panicum miliaceum had been collected and identified. As can be seen in Figures 2c,d,f, these sampled macro-plant remains are mainly husks from foxtail millet or common millet.



Identification of Phytoliths and Starch Grains

Six types of phytolith were found in the M111: 7 samples. These included identifiable Ω-type phytoliths from the husks of foxtail millet (Figure 4a), long-saddle short cell phytolith from the Bambusoideae (Figure 4b), and vertically arranged bilobate short cells with rounded ends from stems and leaves from Panicoideae (Figure 4c). Other common phytoliths from unknown species were bilobate short cell (Figure 4d), elongate-echinate long cell (Figure 4e), and acicular (Figure 4f) in form.
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FIGURE 4. Primary phytolith types found at Longzaocun cemetery M111, (a) Ω-type from foxtail millet; (b) long-saddle; (c) vertically arranged bilobates with rounded ends; (d) bilobate; (e) elongate-echinate; (f) acicular; (g) Ω-type; (h) vertically arranged bilobates with rounded ends; (i) smooth-elongate; (j) elongate-echinate.


Four types of phytolith were observed in the M111: 9 samples. These included identifiable Ω-type phytolith from the husks of foxtail millet (Figure 4g), vertically arranged bilobate short cells with rounded ends from stems and leaves from Panicoideae (Figure 4h), smooth-elongate long cell (Figure 4i), and elongate-echinate long cell (Figure 4j). No starch grain was observed in the two samples.




DISCUSSION

Previous studies have shown that millet-dominated agricultural production had formed across north China by the middle and late Neolithic periods (Zhao and He, 2006; Zhang et al., 2010; Liu et al., 2013; Liu, 2014; Wang et al., 2015; Zhong et al., 2015; Zhao, 2017, 2019b). With the establishment of the unified Han empire, centuries of war in northern China during the Spring and Autumn and Warring States periods (770–206 BC) came to a close, and social development gradually improved. As well documented, a single risk-tolerant millet agricultural production system could no longer provide for the needs of rapidly growing urban populations around Han Chang’an City (Bray and Zheng, 1982; Shang, 2003; Lu, 2014). Western Han emperors issued several edicts to promote the cultivation of wheat crops to solve problems of food shortage caused by this increased population pressure (Zhao and Chang, 1999). Yet, archeology still has little to say about the new agricultural strategies for such challenging conditions. By combining the results of scientific archeological research with the historical records, we re-examine the farming system chosen by the core area residents of the Western Han Empire (in modern-day Xi’an) in order to maintain and improve agricultural productivity.

Zhao has identified the macro-plant remains recovered from 45 pottery granary models buried with Han tomb owners in Xi’an (Zhao, 2009). His work shows that foxtail millet appeared with the greatest frequency (n = 20, 44%), followed by common millet (n = 13, 29%), soybean (n = 5, 11%), adzuki bean (n = 4, 8%), barley (n = 3, 7%), rice (n = 2, 4%), hemp (n = 2, 4%), wheat (n = 1, 2%), and Job’s tears (n = 1, 2%) (Zhao, 2009). Additional stable isotope analysis of 42 human samples from three Han dynasty cemeteries in the Guanzhong area (summarized in Supplementary Table 1) also revealed that the diets of individuals living around the Han capital city of Chang’an were significantly influenced by millet-based foods (Zhang et al., 2013). In this study, the frequency of foxtail millet was significantly higher than that of common millet, reaching 80%. Given the new and existing archeological evidence, we believe that a multi-crop cultivation system reached extensively across the heartland of the Western Han Dynasty. Specifically, we observe that foxtail millet still occupied a dominant position in regional agricultural production. Additionally, common millet should be considered a main supplementary cereal crop around Chang’an during the Han Dynasty.

It is worth noting that no wheat remains were recovered from the late Western Han burial of M111 at the Longzaocun cemetery, and that the unearthed proportion of wheat in the pottery models of granaries of other Han tombs in Xi’an was insignificant (see Supplementary Table 1). Previous research has demonstrated that a belief in the afterlife in Han times led to the construction of grave goods imitating real-life models (Luo, 2005; Liu, 2007). The pottery model granary was modeled on a real-life prototype (see Figure 2). Model granaries and other necessary equipment were placed in burials for the enjoyment of tomb owners in the afterlife (Zhou, 2003; Li, 2012). This unique funeral concept granted the model pottery granary an additional significance as not only a food container but also a reflection of the deceased’s view of wealth and a yearning for a prosperous afterlife in Han people’s ritual practices. It has been pointed out that food choice and value demonstrate people’s economic position and aspirations (Engels, 1942). The construction of the brick-chambered tomb required a certain amount of manpower and material resources, showing that the owner of the tomb M111 was most likely a wealthy civilian. The fact that foxtail millet and common millet crops were invariably buried inside the pottery model granary implies that wheat, a non-native crop to China, was not yet valued by the nobility during this period.

The most advantageous aspect of wheat is its much higher yield and staggered growing season by comparison to millet, which marked improved land utilization while avoiding flooding (Peng, 2010). However, existing evidence reveals that the status of this foreign crop, despite its obvious merits was still lower than that of millets in the Guanzhong basin even 2,000 years following its introduction to the central area of China. On the one hand, it has been argued arid natural climatic conditions in the Guanzhong region could not meet the water demand for wheat growth (Zhu, 1964; Jing and Hui, 2007). Although the large irrigation projects were constructed during the Han, it was likely that these projects merely relieved rather than fundamentally resolving the pressure of natural conditions on intensive agricultural production (Peng, 2010). On the other hand, the traditional consumption of grain-eating greatly affected the taste of wheat, making the latter less easily digested (Zeng, 2007). As Sadao (1992) suggested, only with the vigorous development of grinding tools during the Tang Dynasty (AD 618–907) was flour processing technology popularized in Guanzhong Basin.

In addition to the above-mentioned limitations of natural conditions and farming techniques, our new evidence allows us to argue that socio-political and cultural preferences also explain why wheat could not be popularized in the political center of the Han Dynasty. One way economic wealth feeds political power is through control over food, specifically through authority over the production of and access to food (Hastorf, 2017). Prior to the Tang Dynasty (AD 618–907), the main object of food taxation was millet, with levies on rice or wheat existing only in those areas where millet was not cultivated (Sadao, 1992). Millets retained a position of overriding importance within this political and social system. Salary rankings for Han officials, for example, were measured in millet (Zhang, 1996), further suggestion that greater amounts of millet and the resources to acquire this crop were in elite hands. To unify agricultural regulation and management, the Han government established a system of granary networks at different levels, in accordance with the distribution of administrative divisions and military garrisons across the empire (Shao, 1998, 2005; Lv, 2012; Kim, 2014). Through the circulation and redistribution of food in the granaries, millet as a staple food was firmly controlled by the rulers and noble classes (Kim, 2014; Dong, 2015). In light of this system, the millet could be said to be, to some extent, the material basis for the strengthening of centralization and the target for political group control, hence enjoying a high status in the political economy of the country. We speculate that occupants of the Han heartlands as seen at Longzaocun placed greater store on millets as a result of this strengthening of a millet-dominated view of wealth and power under the Han taxation, granaries and wage rankings, and that these then manifested in the burial customs of the nobles during the late Western Han Dynasty.



CONCLUSION

This paper has provided new results from archeobotanical analysis of plant remains found in five pottery model granaries unearthed from a burial of the Western Han Dynasty at the Longzaocun cemetery burial M111, situated in the Guanzhong Basin. Foxtail millet and common millet were recovered and identified from these model granaries. Combining our finds with existing archeobotanical data in the surrounding region, we propose that millet-based agricultural production continued to dominate the heartland of the Chinese empire during the late Western Han Dynasty, although wheat and other crops may have emerged as a supplement within the overall agricultural economy. The lack of large-scale cultivation of wheat by late Western Han Dynasty core area dwellers is attributable to a popular view of life and death and the logistics of the Han government fiscal system. This report deepens the current understanding of agricultural production and crop usage ways in the political core area of dynastic China and also provides a political and cultural perspective on how millet represents wealth and power in the Guanzhong Basin at circa 2,000 BP. Further systematic multidisciplinary investigations of archeological materials from the Han through Tang dynasties are required in order to assess when, where, and how wheat crops changed the deep-rooted millet-based agricultural system in northern China.
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The history of fruit-tree utilization by prehistoric people has become an important issue that has attracted increasing attention in recent years. However, the question of how people used fruit trees has not yet been answered; in particular, the impacts of different subsistence strategies on human behavior regarding fruit-tree utilization (wild gathering or conscious cultivation) have not yet been considered. Here, we present the results of charcoal identification of fruit trees from 16 dated archeological sites in the northeastern Tibetan Plateau (NETP) spanning the period c. 5,200–2,600 BP. We combine this with reported multidisciplinary evidence to explore the history of fruit-tree utilization as well as its relation to the subsistence strategy in the NETP during the late Neolithic and Bronze Age. Our results demonstrate that Rosaceae [Prunus L., Prunus Padus L., Maloideae L., and Malus baccata (L.) Borkh], Elaeagnaceae (Hippophae L. and Elaeagnus angustifolia L.), and Rhamnaceae (only Ziziphus Mill.) were used by people in the NETP, and there was a downward trend in the use of fruit trees during the late Neolithic and Bronze Age. This is in notable contrast to the situation in the Chinese Loess Plateau in the parallel period. The cold-dry climate during the Bronze Age seemed to be one of the reasons. The fruit trees used by people in the NETP were likely gathered from the wild rather than consciously cultivated, and the subsistence strategy of agropastoralism may have played a significant role during the processes.

Keywords: charcoal analysis, fruit-tree utilization, subsistence strategy, northeastern Tibetan Plateau, Late Neolithic and Bronze Age


INTRODUCTION

There is a Chinese proverb that states that “food is the first thing for people,” and in recent decades, archaeobotanists have focused on prehistoric crop and animal domestication as well as its impacts on human society, leading to some important results (Koca et al., 2006; Pearsall, 2008; Purugganan and Fuller, 2009; Tang et al., 2010; Zizumbo-Villarreal and Colunga-GarcíaMarín, 2010; Watling et al., 2018; Cubas et al., 2019; Liu and Reid, 2020). Diversified food selection since the Holocene played an important role in prehistoric humans’ adaptation to different environments, promoting the formation of diverse subsistence strategies around the world, such as hunting–gathering, agriculture, and agropastoralism (Matuzeviciute et al., 2020; Wang et al., 2020; Zhuang, 2020; Wang et al., 2021; Irish and Usai, 2021). Fruits have also been considered to be important edible resources throughout the history of human evolution (Eaton et al., 1997; Cordain, 2002; Zheng et al., 2014; Fuller and Stevens, 2019). However, it still remains unclear what changes have taken place in fruit trees utilization by people (wild gathering or conscious cultivation) since the prehistoric period. The question of whether different human subsistence strategies have affected fruit trees utilization appears to have been ignored, and it seems that it should be answered. Therefore, it is of great significance to consider study regions exhibiting the distribution of all kinds of fruit trees along with notable changes in human subsistence strategies. This will allow archaeological research on fruits to yield a nuanced understanding of the history of prehistoric human fruit domestication and/or cultivation.

The northeastern Tibetan Plateau (NETP) serves as an ideal region for exploring the changing processes of fruit trees utilization and its relationship to human subsistence. This is because: (1) an obvious transition in subsistence strategy has taken place in the NETP since the prehistoric period, moving from hunting–gathering (until 5,500 BP) to foxtail/broomcorn millet cultivation (5,500–3,600 BP) and later agropastoralism (wheat/barley cultivation and sheep herding) (3,600–2,300 BP) (Madsen et al., 2006; Rhode et al., 2007; Tang, 2011; Chen et al., 2015a; Zhang and Dong, 2017) (2) the history of the NETP as one of the important fruit-tree cultivation areas in China can be traced back to at least the Ming Dynasty (1,368–1,644 AD) (Yang, 2005), and cultivated fruit trees are still widely distributed across the NETP (Yang, 2005). Nevertheless, given the region’s scarcity of archaeobotanical evidence from the prehistoric period, the history of fruit trees utilization by people in the NETP is still unclear.

Recently, the remains of fruit stones unearthed from archeological sites have played a significant role in exploring the history of human behaviors on fruit trees domestication and/or cultivation during the prehistoric period, including the archeological sites of Shangshan, Pella, and Kuwait (Zheng et al., 2014; Dighton et al., 2017; Gros-Balthazard et al., 2017). Using flotation, a large quantity of plant remains have been collected from archeological sites in the NETP (Chen et al., 2015a); however, the fruit remains that have been discovered are less widely distributed, and this could lead to a chronological gap in the history of human fruit domestication or cultivation in the NETP. It could be inferred that the difficulty in the preservation of fossil plant remains alongside the seeds of the fruits in archeological sites has greatly limited the understanding of human fruit consumption and fruit trees utilization in the prehistoric period (Lee et al., 2007; Li, 2016; Halvorsen and Hjelle, 2017; Peña-Chocarro et al., 2019). Additionally, there has been a debate regarding the size criteria for certain species of domesticated fruits (Runnels and Hansen, 1986; Liphschitz and Bonani, 2001; Liphschitz et al., 2013; Dighton et al., 2017). This problem can be solved by charcoal analysis from fruit-tree remains in archeological sites (Wang et al., 2014, 2016; Asouti and Kabukcu, 2021; Moskal-del Hoyo, 2021), because a large number of archeological sites around the world contain charcoal from fruit trees that was left behind in a combustion process resulting from human management of fruit trees (Wang et al., 2014, 2016; Asouti and Kabukcu, 2021; Shen and Li, 2021; Slotten and Lentz, 2021). Therefore, analysis of charcoal from fruit trees in archeological sites can help with understanding the history of prehistoric fruit trees utilization by humans in the NETP.

Our aim in this study was to investigate the human utilization of fruit trees and its relationship with the different subsistence strategies that were adopted during the prehistoric period. We are especially interested in the changes in fruit-tree utilization in the NETP during the Late Neolithic and Bronze Age (5,200–2,600 BP), as there were remarkable changes in culture and human subsistence during that period (Madsen et al., 2006; Rhode et al., 2007; Tang, 2011; Chen et al., 2015a; Zhang and Dong, 2017). Charcoal identification and analysis—in conjunction with archaebotanical and zooarchaeological evidence and published paleoclimate records—were used to directly reveal what changes in fruit-tree utilization have occurred and their relationship with human subsistence in the NETP during the Neolithic and Bronze Age periods.



REGIONAL SETTING


Climate and Woody Vegetation

The terrain in the NETP is complex and has remarkable differences in altitude, and this leads to diversity in the climates of different areas (Figure 1). The annual average temperature in the Huangshui River basin (2,200 masl, above sea level) is 0.6–7.9°C, while that in the upper Yellow River valley is 2.1–8.5°C. Because of the higher altitude of the Huangshui River basin, the annual precipitation is about 50–100 mm higher than that in the upper Yellow River valley. These regional climatic differences lead to prominent spatial differences in woody vegetation in the NETP (China Forest Editorial Committee, 1997; Flora of China Editorial Committee, 2004). Influenced by the local hydrothermal conditions, needleleaf trees (including Picea L., Pinus L., Abies, Larix, and Sabina przewalskii Kom.) are usually distributed in the highlands at altitudes above 2,500 m because of the cold–humid climate, and the broadleaf trees (Populus L., Salix L., and Betula) and shrubs (Tamarix L., Hippophae L., etc.) grow in the valleys where the climate is warm and dry (China Forest Editorial Committee, 1997; Flora of China Editorial Committee, 2004). Additionally, the number of taxa of broadleaved trees shows a downward trend with elevation (China Forest Editorial Committee, 1997).
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FIGURE 1. Distribution of archeological sites yielding charcoal analyses in the NETP and the Chinese Loess Plateau. Charcoal analysis sites presented in circles are located in the NETP (our new data), and those shown by triangles are in the Chinese Loess Plateau.




Modern Fruit-Tree Cultivation

The Tibetan Plateau is currently one of the most important fruit-producing areas in China, and fruit-tree cultivation is mainly concentrated in its northeast. According to Yang (2005), the NETP produces large numbers of a range of fruits, including Maloideae L., Pyrus L., Amygdalus L., Armeniaca Mill., Prunus pseudocerasus, Prunus L., Ziziphus Mill., Vitis vinifera, and Elaeagnus angustifolia L. The altitudes of the areas that are suitable for fruit-tree planting falls in the range 1,600–3,100 masl (Figure 2). Additionally, there are many kinds of wild fruit resources distributed across the NETP, including Hippophae L., Rosa multiflora Thunb., Elaeagnus angustifolia L., Sorbus pohuashanensis, and Cotoneaster L. These wild fruit trees are distributed at high altitudes, usually above 2,500 masl, and they are considered to be a significant part of the forest ecosystem in the NETP.
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FIGURE 2. Distribution of modern fruit-tree types in the NETP. The yellow gear-shaped symbols represent the counties with fruit cultivation, including Minhe, Ledu, Guide, Huzhu, Xunhua, Hualong, Jianzha, Guinan, Datong, Xinghai, Huangyuan, and Huangzhong.




Cultural Evolution and Paleoeconomy

The NETP is one of the important areas for human colonization in the region. Early occupation in the NETP was by the Xiahe hominin population, which can be traced back to 190,000 BP (Chen et al., 2019; Zhang D. J. et al., 2020). Less human activity in the NETP took place in the period of the Last Glacial Maximum (25,000–18,000 BP). Evidence of foragers in the NETP can be seen again in the period 15,000–6,000 BP with their expansion to areas above 4,000 masl (Madsen et al., 2006; Rhode et al., 2007; Yi et al., 2011; Hou et al., 2016), and seasonal hunting–gathering was their main subsistence strategy (Tang, 2011; Wang et al., 2020).

Changes in the archeological culture in the NETP occurred in the Middle Holocene (about 5,500 BP), from Paleolithic to Neolithic Age (Majiayao culture, 5,300–4,000 BP) and Chalcolithic Age later (Qijia culture, 4,300–3,600 BP) (Xie, 2002). Humans mainly settled the areas below 2,500 masl in the NETP, and an agricultural economy was established in this period (Chen et al., 2015a). Around 4,000 BP, bronze wares were sporadically used by people in the NETP (Xie, 2002). During the period 3,600–2,300 BP, influenced by transcontinental cultural exchanges, the rapid development of agropastoralism facilitated human settlement toward to the areas above 2,500 masl in the NETP (Xie, 2002; Chen et al., 2015a). There were significant spatial differences in human subsistence strategies in the NETP during this period. In the areas below 2,500 masl, the people of Xindian culture (3,600–2,300 BP) were mainly engaged in crop cultivation, while in areas above 2,500 masl, those of the Kayue culture (3,600–2,300 BP) and Nuomuhong culture (3,400–2,300 BP) relied more on the use of pasture for activities such as sheep grazing (Xie, 2002; Zhang and Dong, 2017). The cultural attributes and human subsistence strategies of the sites investigated in this study are shown in Table 1.


TABLE 1. Radiocarbon dates of the investigated sites in the NETP during the late Neolithic and Bronze Age.
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MATERIALS AND METHODS


Sites Investigated and Materials Analyzed

A total of 16 archeological sites in the NETP were investigated, and these were distributed along the Huangshui River and the upper reaches of the Yellow River. People in the investigated sites of Majiayao culture and Qijia culture were engaged in an agricultural economy, and those of Xindian culture and Kayue culture were engaged in agropastoralism (Table 1). The archeological contexts of the soil samples were all exposed sections inside the archeological sites, with charcoal and ceramic remains embedded, and these were from exposed fills of cultural layers and ash pits (Figure 3). A total of 155 soil samples were collected, with each of these processed by the flotation method. The soil was washed in a bucket over a #80-mesh sieve (aperture size of 0.2 mm) to gather any carbonized remains. The collected carbonized remains were dried in the shade and then sorted. Pieces of charcoal with a diameter ≥ 2 mm were chosen using sieves with apertures of 4, 2, 1, 0.7, and 0.35 mm. Their microscopic features were then examined, and taxonomic species were determined using a metallurgical microscope in the MOE Key Laboratory of Western China’s Environmental Systems at Lanzhou University. A high-resolution primary atlas of modern wood specimens was used to determine the taxa of charcoal remains, and the those of fruit trees were selected (Cheng et al., 1992). The calculation of relative percentages was carried out to explore the changes in fruit-tree assemblages in the NETP during the Late Neolithic and Bronze Age. To explore human utilization of fruit trees in the study area, we compared our results with those from the Chinese Loess Plateau, where conscious fruit-tree cultivation occurred in parallel periods.
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FIGURE 3. Photographs of charcoal remains collected from some of the investigated sites in the NETP. (a) Luowalinchang; (b) Gayixiangjing; (c) Gongshijia; (d) Wenjia.




Radiocarbon Dates of the Archeological Sites

As shown in Table 1, the chronologies of the archeological sites investigated were conducted and reported by Chen et al. (2015a) (n = 10; foxtail millet, broomcorn millet, and barley as the dating samples), Ren (2017) (n = 10; foxtail millet and broomcorn millet, as the dating samples) and Jia (2012) (n = 4; charcoal as the dating samples; n = 6, relative chronology from the ceramic and radiocarbon dates of other cultural ruins). The dates of archeological sites discussed are relative to AD 1950 (referred to as “BP”).




RESULTS

We identified 3,981 charcoal remains from 16 archeological sites in the NETP (Table 2 and Figure 1). Collected samples were separated into three chronological periods based on the differences in human subsistence strategies in the NETP: Neolithic Age (5,500–4,000 BP), Chalcolithic Age (4,000–3,600 BP), and Bronze Age (3,600–2,300 BP). Seven samples were collected from Majiayao and Qijia culture with dates of 5,200–4,000 BP; 132 samples came from Zongri culture dating from 4,600 to 4,000 BP (Liu et al., 2021); four samples were from Qijia culture, dated between 4,000 and 3,600 BP. The archeological sites of the Bronze Age were investigated and found to contain Xindian culture and Kayue culture dating from 3,600 to 2,600 BP, of which nine samples were Xindian and five were Kayue.


TABLE 2. Absolute counts and relative percentages of the fruit trees by charcoal analysis in the investigated sites in the NETP during the late Neolithic and Bronze Age.
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According to the relationship between human wood use and the accounts of charcoal pieces identified in different archeological sites, there are clear differences in the standards required to obtain accurate reflections for different regions (Keepax, 1988; Scheel-Ybert, 2002; Li et al., 2012). In temperate regions, a minimum of 100 charcoal fragments per sample should be identified to provide a good representation of most types of charcoal (Li et al., 2012; Liu et al., 2021). In our study, the number of charcoal fragments identified in each sample reached or exceeded 100, aside from a single sample from the Zhongtan site. Therefore, the result from this site was not included in subsequent analysis.

For comparative analysis, the results of the charcoal identification of fruit trees can be conveniently divided into three different periods, as detailed above. During the Late Neolithic (5,500–4,000 BP), a total of four taxa of fruit trees were identified—Prunus L., Prunus padus L., Maloideae L., and Hippophae L.—of which the relative percentage of Hippophae L. was the highest in the fruit-tree assemblage and that of Maloideae L. was the second highest. Only Hippophae L. was found in the site of Zongri culture (Liu et al., 2021). Eight taxa of fruit trees were found in the investigated sites during the Chalcolithic (4,000–3,600 BP). The fruit trees of Malus baccata (L.) Borkh., subg. Persica L., Pyrus, and Elaeagnus angustifolia L. appeared most commonly in the investigated sites and Jinchankou site (Wang et al., 2016). There was a similar situation in the Late Neolithic, and the relative percentage of Hippophae L. was still the largest. During the Bronze Age (3,600–2,300 BP), six taxa of fruit trees were identified: Prunus L., Prunus padus L., Maloideae L., Ziziphus Mill., Hippophae L., and Elaeagnus angustifolia L. The proportion of Hippophae L. showed an obvious decrease in the investigated sites, being replaced by Maloideae L. as the most abundant in the fruit-tree assemblage of the Xindian culture. For the complete charcoal-identification data of fruit trees from each period (see Table 2 and Figure 4).
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FIGURE 4. Charcoal remains of fruit trees identified from the investigated sites in the NETP. (a1,a2) Prunus L.; (b1,b2) Maloideae L.; (c1,c2), Hippophae L., quoted from Liu et al. (2022).




DISCUSSION


History of Fruit Trees in Human Use in the Northeastern Tibetan Plateau and Its Differences From the Loess Plateau During the Late Neolithic and Bronze Age

The utilization of fruit trees has attracted much attention from an archaeobotanical perspective (Terral, 1996; Li et al., 2012; Zheng et al., 2014; Dotte-Sarout, 2017; Moskal-del Hoyo, 2021; Shen and Li, 2021). Our results demonstrate that the fruit trees that were used by people in the NETP during the Late Neolithic and Bronze Age (5,200–2,600 BP) included Rosaceae (Prunus L., Padus Mill., Maloideae L., and Malus Mill.), Elaeagnaceae (Hippophae L. and Elaeagnus angustifolia L.), and Rhamnaceae (only Ziziphus Mill.). Charcoal evidence from the Jinchankou site suggested that humans also gathered the trees of subg. Persica L. and Pyrus L. during the Late Neolithic (Wang et al., 2016). Among these tree species, Hippophae L., and Maloideae L. were the main fruit trees used by people in the NETP both in the Late Neolithic and the Bronze Age, while the relative percentage of Maloideae L. showed a significant uptrend across the duration of the Bronze Age and exceed that of Hippophae L. in the group of Xindian culture. Other fruit trees, including Prunus L., Padus Mill., Malus Mill., Elaeagnus angustifolia L., and Ziziphus Mill., were also in use in the NETP during the Late Neolithic and Bronze Age, but their lower relative percentages indicate that they were not the dominant species (Table 2).

Some archaeobotanical evidence has shown that the domestication of fruits can be traced back to the early and middle Holocene, such as the domesticated peach in China (Zheng et al., 2014), the domesticated grape in Greece (Pagnoux et al., 2021), and the olive in the Mediterranean region (Terral, 1996). Chinese historical documents such as Shijing (the Classic of Poetry) also indicate that fruit trees, taking apricot (Prunus L.) and jujube (Ziziphus Mill.) as examples, were brought into cultivation in China from the fourth millennium BP. Therefore, the question arises as to whether the fruits trees presented in the NETP were gathered by people from the wild or were consciously cultivated. To consider this question, we should first examine whether the fruit trees discovered in the investigated sites were from the local area. If the fruit trees in the investigated sites were collected from long distances, either by trade or cultural exchange, this could lead to ambiguous conclusions; for example, since the prehistoric, domesticated fruits for cultivation have been introduced to western Europe from long distances (Asouti and Kabukcu, 2014; Pérez-Jordà et al., 2021). According to Yang (2005), many fruit trees are widely cultivated in the NETP, including Maloideae L., Pyrus L., Amygdalus L., Armeniaca Mill., Prunus pseudocerasus, Prunus L., Ziziphus Mill., Vitis vinifera, and Elaeagnus angustifolia L., and the altitudes of this cultivation fall into the range 1,600–3,100 masl (Figure 2). This indicates that the fruit trees discovered in our study could fit with the environment and be widely distributed in the NETP. Shackleton and Prins (1992) proposed that human wood-gathering in the prehistoric period followed the principle of least effort, and from the model it can be considered that there will be consistency between the situation of the fruit trees used by people and the distribution of modern fruit trees in the NETP. Therefore, the fruit trees discovered in the investigated sites in the NETP were likely obtained from people’s immediate habitats.

The utilization of fruit trees, from a certain species’ domestication to intensive cultivation, is likely to have taken thousands of years (Miller and Gross, 2011). In China, the domestication of fruits such as peach can be traced back to 8,000 BP, and conscious selection of preferred types in these fruits occurred in the Yangtze River valley during that period (Zheng et al., 2014). However, the intensive cultivation of fruit trees in China probably occurred during the Bronze Age (Shen and Li, 2021). Humans in the Chinese Loess Plateau have consciously cultivated fruit trees and collected their fruits as luxury food for feasting since the fourth millennium BP (Li, 2016, p. 32; Shen and Li, 2021), and this has been confirmed by Chinese historical documents such as Shijing, Shanhaijing (the Classic of Mountains and Seas), and Xiaxiaozheng (a record of traditional agriculture in China both during the prehistoric and historical periods). Archaeobotanical evidence from the Chinese Loess Plateau shows that the relative percentage of fruit-tree charcoal increased significantly during the Bronze Age in comparison with the Late Neolithic (Li, 2016; Shen and Li, 2021). A possible reason for this might be the increased frequency of artificial pruning of the branches and forks of fruit trees as well as fruit collection, which led to an increase in both the relative percentage and ubiquity of fruit-tree charcoal in archeological sites (Salavert and Dufraisse, 2014). However, a reverse trend occurred in the NETP whereby the relative percentage of fruit-tree charcoal clearly decreased from the Late Neolithic to the Bronze Age (Figures 4, 5). Additionally, there is less evidence suggesting the presence of fruit seeds or stones in archeological sites in the NETP during this period. This demonstrates that the use of fruit trees by people in the NETP gradually decreased from the Late Neolithic to the Bronze Age.
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FIGURE 5. Spatiotemporal comparisons of woody assemblages (including the proportions of fruit trees and other woody plants) from the investigated sites in the NETP dated to the periods 5,300–4,000 BP, 4,000–3,600 BP, and 3,600–2,600 BP (n is the number of fruit-tree taxa identified; N is the number of investigated sites).




Factors Affecting Human Utilization of Fruit Trees in the Northeastern Tibetan Plateau During the Late Neolithic and Bronze Age

In general, the growth of trees, together with forest changes, is closely related to the climate. The records of forest changes due to climate alteration throughout the Holocene have been widely reported (Li et al., 2017; Rita et al., 2018; Schiferl et al., 2018; Han et al., 2019; Zhang D. L. et al., 2020). Despite their lower prevalence, which was always at a low level in terms of proportion of the forest, the dynamics of fruit trees was still affected by the local climate. According to modern observation records, a cooler or drier climate is not conductive to the growth of fruit trees, and this will lead to a decrease in their distribution as well as in fruit production in northwest China (Yao et al., 2005; Peng et al., 2018). The spatial differences in climate in the NETP are obvious, and the average annual temperature decreases with altitude. For instance, the average annual temperature in the Huangshui River basin is a little lower than that in the upper reaches of the Yellow River valley, and the relatively higher altitude of the former plays an important role in this. However, the human use of fruit trees was not found to present obvious spatial differences.

The proportion of fruit trees was similar in the Xindian culture (below 2,500 masl) and the Kayue culture (near and above 2,500 masl), with relative proportions of 9.12 and 10.46%, respectively (Table 2 and Figure 5). Thus, the human use of fruit trees was not affected by the spatial differences in climate in the NETP. In terms of temporal patterns, there was a period of cooling and drying climate and a corresponding decline in tree pollen from lakes both in the NETP and the Chinese Loess Plateau during the Late Neolithic and Bronze Age (Figure 6; Liu et al., 2002, Liu X. Q. et al., 2007; Sun, 2011; Marcott et al., 2013; Chen et al., 2015b). Nevertheless, the percentages of fruit trees in the Chinese Loess Plateau increased in the parallel period (Figure 7), which crucially demonstrates that humans were consciously cultivating fruit trees, investing time in management to withstand the impact of unfavorable climate conditions (Li, 2016; Shen and Li, 2021). In contrast, the cooling and drying climate since the Late Neolithic was probably responsible for the decline in the human use of fruit trees in the NETP. This seems to indicate that people did not consciously cultivate fruit trees with aborative management strategies in the NETP during this period.
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FIGURE 6. Relationships between climate change, human subsistence, and proportions of fruit trees. (A) Quantitative reconstruction of Holocene temperature changes in the Northern Hemisphere (Marcott et al., 2013); (B) results of stable oxygen isotope measurements performed on ostracod values in sediment cores of Lake Qinghai (Liu X. Q. et al., 2007); (C) quantitative reconstruction of Holocene precipitation changes in northern China (Chen et al., 2015b); (D) pollen record of trees in sediment cores of Lake Qinghai (Liu et al., 2002); (E) normalized probability from radiocarbon dates of archeological sites in the NETP (5,500–2,000 BP); (F) proportions of fruit trees in the investigated sites in the NETP (green rectangles); (G) stable carbon isotope ratios (δ 13C) of human bones in the NETP and the adjacent Chinese Western Loess Plateau (Chen et al., 2015a).
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FIGURE 7. Spatiotemporal comparisons of woody assemblages (including the proportions of fruit trees and other woody plants) in the NETP and Chinese Loess Plateau dated to the periods 5,500–4,000 BP, 4,000–3,600 BP, and 3,600–2,300 BP. Green indicates the proportion of fruit trees and red indicates the proportion of other trees.


Archeological evidence indicates obvious temporal variation in human behavior regarding fruit-tree management during the prehistoric period. In the Paleolithic, fruits served as significant foods for human survival (Liu L. et al., 2007; Jones and Liu, 2009). The lower prevalence of dental caries in people during the Paleolithic could be crucial evidence for this (Koca et al., 2006). Due to human subsistence by hunting–gathering, which is a strategy that involves high mobility, edible fruits were usually gathered from the wild, and no fruit-tree cultivation occurred during this period. At the initial stage of cereal domestication around 10,000 BP, people still regarded wild fruits as an important food supply. This is because the subsistence strategy of hunting–gathering initially continued to be dominant in the social economy (Fuller and Qin, 2010; Zhang et al., 2018). Archaeobotanical evidence has shown that the proportion of carbonized fruit seeds/stones in some archeological sites was far greater than that of cereals, for example in the Bancun, Jiahu, and Zhuzhai sites (Zhao and Zhang, 2009; Bestel et al., 2017; Zhang et al., 2018).

With the intensification of agriculture in the middle and late Holocene, an agriculture economy with crop cultivation and domesticated animal breeding was established in northern China (Zhao, 2007, 2014, 2017). The abundance of foxtail/broomcorn millet consumed by people likely led to a downward trend in wild fruit resources in the food supply and the use of fruit trees, and this is confirmed by evidence that the percentages and ubiquities of fruit-tree charcoal in the Chinese Loess Plateau during the Late Neolithic were much lower in comparison with those during the Early Neolithic (Figure 7; Li, 2016; Shen and Li, 2021). However, remarkable differences indicate that the use of fruit trees was high in the NETP during 5,500–4,000 BP. The relative percentage of fruit-tree charcoal in each of the investigated sites was no less than 12%, and it was significantly higher than that in the Chinese Loess Plateau (Table 2 and Figure 7). This could be attributed to the adoption of a special subsistence strategy in the NETP during the Late Neolithic. Foxtail/broomcorn millet cultivation was adopted by people in the NETP around 5,500 BP, and the exploitation of animals for meat was mainly from wild animals such as Cervidae, Caprinae, and Antilopinae whose relative percentage were no less than 60% (Ren, 2017), which indicates that hunting–gathering was still important in human subsistence in the NETP during the Late Neolithic. Thus, the fruit trees presenting in the NETP during this period were likely gathered from the wild in the process of wild-animal hunting.

Archaeobotanical evidence from different regions of the world mainly points to the fact that the conscious human cultivation of fruit trees, such as jujube, apricot, and grape, began around the fourth millennium BP or even earlier (Pagnoux et al., 2021; Shen and Li, 2021). In regions of fruit-tree cultivation, human society has undergone obvious changes since the Bronze Age, including the emergence of urbanization, craft specialization, and even commodity specialization in wine and dried fruits (Pérez-Jordà et al., 2021; Shen and Li, 2021). These changes can be attributed to the establishment of a settled agricultural economy. Archeological evidence from the Chinese Loess Plateau suggests a prosperous society with abundant harvests of all food crops and thriving breeding of domesticated animals during the Bronze Age (Zhao, 2011). This could have provided favorable conditions for handicraft and trade and promoted the cultivation of fruit trees. This is also evidenced by the increasing trend of the percentages and ubiquities of fruit remains as well as charcoal presented in archeological sites located in the Chinese Loess Plateau during the Bronze Age (Figure 7; Li, 2016; Shen et al., 2021).

In contrast, an agropastoral subsistence strategy gradually developed in the NETP during the Bronze Age (Chen et al., 2015a; Zhang and Dong, 2017). Influenced by cultural exchange across Eurasia, wheat/barley cultivation and sheep grazing were adopted by people in the NETP (Figure 6; Chen et al., 2015a; Zhang and Dong, 2017). Zooarchaeological evidence indicates that domesticated animals suitable for grazing—such as sheep, cattle, and horses—were much more abundant than pigs in archeological sites and tombs of the Xindian, Kayue, and Nuomuhong cultures (Dong et al., 2016; Zhang and Dong, 2017). This indicates that grazing behavior was likely dominant in human subsistence in the NETP during the Bronze Age. This subsistence strategy has relatively high mobility, which is not conducive to fruit-tree cultivation and fruit production. In the Keep River region of Australia, it has been demonstrated that the decline of fruit-tree cultivation and fruit consumption can be attributed to the rise of pastoralism (Atchison et al., 2005). Therefore, the sharp decline in fruit-tree utilization in the NETP could be responsible for their subsistence strategy during the Bronze Age, and the fruit-tree samples in the investigated sites were thus not likely to have been gathered from cultivated trees.




CONCLUSION

Using analysis of charcoal from archeological sites, we examined the history of fruit-tree management by people in the NETP during the Late Neolithic and Bronze Age (5,500–2,300 BP). The fruit trees used by people were almost all from the local area, including Rosaceae [Prunus L., Prunus Padus L., Maloideae L., and Malus baccata (L.) Borkh], Elaeagnaceae (Hippophae L. and Elaeagnus angustifolia L.), and Rhamnaceae (only Ziziphus Mill.). There was a downward trend in the human use of fruit trees during the Late Neolithic and Bronze Age. The cold-dry climate during the Bronze Age seemed to be one of the reasons. However, this is in notable contrast to the trend in the Chinese Loess Plateau in the parallel period, during which time conscious cultivation of fruit trees took place. The results indicate that the fruit trees used by people in the NETP were likely gathered from the wild rather than consciously cultivated. The consequent adoption of agropastoralism during the Bronze Age may have played a significant role in this. This study provides new evidence for the in-depth understanding of prehistoric human use of plant resources in the NETP, and it gives a significant scientific basis for the changing process of past human management of fruit trees from the perspective of differences in human subsistence strategies.
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Tibetan Plateau is the “third pole” of Earth and significantly influences the world’s ecosystems. However, limited work on phytolith analysis has been done due to its harsh environment, and no study on phytolith production and morphotypes in modern plants on the Tibetan Plateau has been carried out yet. In this study, we investigated 73 modern plant samples collected on the Tibetan Plateau to study phytolith production and morphology. The results showed that the major phytolith producers are Poaceae and Cyperaceae plants, the production of phytolith is higher than 0.4 million grains/g in most samples. We found one new morphotype, BILOBATE SADDLE, which could be the diagnostic type for Tribe Stipeae and phytoliths morphotypes might indicate different hydrological conditions on the Tibetan Plateau. Our findings add new information about phytoliths on the Tibetan Plateau and will aid the future phytolith analysis in this region.

Keywords: phytolith production, phytolith morphology, Poaceae, Cyperaceae, Tibetan Plateau


INTRODUCTION

The Tibet Plateau (TP) is well known as the “Earth’s Third Pole,” with an average altitude of 4,000 m (Zheng and Yao, 2004). The TP has a unique but vulnerable ecosystem due to the anoxic and strong ultraviolet radiation environment, which is highly sensitive to climate change and human activities (Yao and Zhu, 2015). Therefore, it is crucial to understand the past environmental changes for policy-making and address future climate changes (Chen D.L. et al., 2015). The TP also played an important role in understanding the dispersal of modern humans in Asia (Bae et al., 2017). Meanwhile, the time humans appeared on the TP (Zhang et al., 2018; Chen et al., 2019) and their permanent occupation of the TP (Chen F.H. et al., 2015) are fascinating topics in archeology. However, much more details of how and when humans conquered the TP remain to be studied.

In TP, fossil pollen assemblages and charred seeds are most used as indicators for the past environment (Tang et al., 2021) and agricultural activities (Gao et al., 2020; Ren et al., 2020; Wang et al., 2020), respectively. However, less attention has been paid to phytolith analysis (Chen et al., 2008). Phytolithsr are micro silica bodies originating from plant cells (Piperno, 1988), which are of high taxonomical value and have been applied in reconstructing the paleoenvironment (Barboni et al., 2010; Gu et al., 2012; Stromberg et al., 2013; Zhang et al., 2020; Li et al., 2021) and prehistory agricultural activities (Piperno et al., 2009; Deng et al., 2017; Wang et al., 2017; Zhang et al., 2017; Dunseth et al., 2019; Huan et al., 2022) in many regions. In contrast with pollen and charred seeds, the in situ deposition of phytoliths could provide more local information (Rovner, 1971) and phytoliths are more durable in fire pits or environments where organic matter is hard to preserve (Piperno, 2006). Previous studies implied that regional modern phytoliths references are crucial for the better interpretation of sedimental phytoliths assemblages (Fredlund and Tieszen, 1997; Prebble et al., 2002; Lu and Liu, 2005; Lu et al., 2006; Liu et al., 2018). Thus, phytolith analysis could be a promising tool for reconstructing TP’s paleoenvironment and past agricultural activities.

The primary vegetation type on the TP is alpine grassland and alpine meadow, and the dominant species are mainly from Poaceae and Fabaceae (Tsering et al., 2021), which are typical phytoliths producers and non-producers. The most cultivated crops on the TP are naked barley (Hordeum vulgare var. nudum), which is also a phytolith producer. However, no study on modern plant phytoliths has been published yet, which resulted in a lack of knowledge on diagnostic phytolith types and the relationship between phytoliths and environmental factors on the TP. Thus, the study on modern plants could provide insight into the phytolith assemblages and further aid the studies on reconstructing the regional paleoenvironment and past agricultural activities on the TP.



MATERIALS AND METHODS

The samples for this study mainly were collected on the northern high plateau of Tibet (above 4,000 m) in July and August 2018, where the vegetation type is the alpine meadow (Tsering et al., 2021). The growing season is from June to August in the northern high plateau of Tibet, when the monthly temperature and precipitation could be above 10°C and 20 mm, respectively, (Hu et al., 2022); the sampling sites in this region (Figure 1) shared the same climate. Plant samples collected in this study were fully ripened and could be found with seeds (if not eaten by animals). However, most plant samples were no higher than 20 cm due to the grazing in these regions, and inflorescences were mostly eaten by animals. Thus, the identification of plant samples was limited to genera level and sometimes to species level (if applicable). A total of 73 plant specimens were involved in this study and ultrasonically cleaned with distilled water to clean the surface of collected aerial parts; all samples were dried in a drier and then weighted before phytolith extraction.


[image: image]

FIGURE 1. A map showed the Tibet Plateau and the surrounding regions. The red box shows the sampling sites.


Phytolith extraction followed the previously published wet oxidation method (Ge et al., 2020b). Additional polypodium tablet (ca. 27560 grains per tablet) is added to estimate the phytolith yield in each specimen (one tablet for one specimen). Phytolith count in each sample was above 300 grains, except for Salix bangongensis, in which we observed only one phytolith in two slides. As we knew that some taxa might not produce phytoliths, 21 plant specimens from Fabaceae, Asteraceae, Polygonaceae, and Primulaceae were identified at the family level, and after phytolith extraction, they were examined to be non-phytolith producers. Thus, only 52 samples (Table 1) were applied for further analysis. The identification and imaging of phytoliths were under 400× with a Leica DM750 microscope. Phytolith nomenclature follows the ICPN 2.0 rules (Neumann et al., 2019) and a previous study (Ge et al., 2020a).


TABLE 1. Sampling information and phytolith production of studied specimens.
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RESULTS

Phytoliths are found in three families: Poaceae, Cyperaceae, and Salicaceae. The highest production is 37 million grains/g in a Stipa sp. sample, while the lowest is two grains/g in S. bangongensis, and all other samples are higher than 0.4 million grains/g (Table 1). In Poaceae plants, phytolith production range from 0.6 million to 37.2 million grains/g, with an average of 7.2 million grains/g; in Cyperaceae plants, phytolith production range from 1.4 million to 8.5 million grains/g, with an average of 3.3 million grains/g; in Salicaceae plants, S. bangongensis barely produces phytoliths while Populus alba produces 0.4 million grains/g. Phytolith production is lowest in Salicaceae and highest in Poaceae; the production of Poaceae plants is twice higher than that of Cyperaceae with a larger SD (8258549.7 for Poaceae and 2316185.8 for Cyperaceae).

There are 22 morphotypes of phytoliths observed in the studied species, including diagnostic morphotypes produced in specific subfamilies and common morphotypes found in different families.

In Pooideae plants, RONDEL CONICAL (Figure 2-1), RONDEL CARINATE (Figure 2-2), CRENATE SINUATE (Figure 2-3), BILOBATE SADDLE (Figure 2-4), ELONGATE DENDRITIC (Figure 2-6,7) and PAPILLATE CIRCULAR/RADIATE (Figure 2-9,10) are diagnostic phytolith types; BLOCKY (Figure 2-8) and SILICIFIED EPIDERMIS (Figure 2-5) are insignificant types. ELONGATE DENDRITIC and PAPILLATE CIRCULAR/RADIATE originated from the inflorescence, SILICIFIED EPIDERMIS originated from the straw, and other types originated from leaves. BILOBATE SADDLE (Figure 2-4) from Tribe Stipae has a dumbbell-shaped base with one bracket-shaped ridge on each lobe; the two bracket-shaped ridges on each lobe together form the saddle top. On the other hand, the typical BILOBATE (Figure 3-4,5) from Panicoideae has a dumbbell-shaped base with two bracket-shaped ridges on each lobe. The morphological difference: one or two bracket-shaped ridges on top of the dumbbell base could be the discriminate criteria for distinguishing BILOBATE SADDLE from Tribe Stipae with BILOBATE from Panicoideae.


[image: image]

FIGURE 2. Phytoliths morphotypes in Pooideae plants. 1. RONDEL CONICAL; 2. RONDEL CARINATE; 3. CRENATE SINUATE; 4. BILOBATE SADDLE; 5. SILICIFIED EPIDERMIS; 6 and 7. ELONGATE DENDRITIC; 8. BLOCKY; 9. PAPILLATE CIRCULAR; and 10. PAPILLATE RADIATE.



[image: image]

FIGURE 3. Phytoliths morphotypes in Panicoideae plants. 1 and 2. Bottom and side view of BULLIFORM; 3 and 7. INTERDIGITATING; 4 and 5. BILOBATE; 6. BLOCKY; and 8. SPHEROIDAL FAVOSE.


In Panicoideae plants (one species, Pennisetum alopecuroides), BILOBATE (Figure 3-4,5) and INTERDIGITATING (Figure 3-3,7) are diagnostic phytolith types. BULLIFORM (Figure 3-1,2), BLOCKY (Figure 3-1,2) and SPHEROIDAL FAVOSE (Figure 3-8) are insignificant types. BULLIFORM was found in three specimens, which originated from leaves. INTERDIGITATING was found in two specimens, which originated from the inflorescence.

In Arundinoideae (one species, Phragmites australis) and Chloridoideae (one species, Eragrostis nigra), Bulliform flabellate (Figure 4-6) and Saddle (Figure 4-4,7) are diagnostic types. Although these two specimens were collected at the lower elevation basin area (around 3,700 m), they were not observed in the high elevation area (over 4,000 m).
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FIGURE 4. Phytoliths morphotypes in Arundinoideae, Chloridoideae, and Salicaceae. 1. TRACHEARY, in Populus alba; 2. BLOCKY, in Populus alba; 3. ACUTE BULBOSUS, in Poaceae and Cyperaceae plants; 4. SADDLE, in Eragrostis nigra; 5. ELONGATE ECHINATE, in Poaceae and Cyperaceae plants; 6. BULLIFORM FLABELLATE, in Phragmites australis; 7. SADDLE, in Phragmites australis; 8. ELONGATE ENTIRE, in Poaceae and Cyperaceae plants; and 9. TRACHEARY ELONGATE, in Poaceae and Cyperaceae plants.


In Cyperaceae, PAPILLATE phytolith is the dominant and diagnostic type. PAPILLATE phytoliths have three major morphotypes, PAPILLATE SINGULAR (Figure 5-1,4,6) with one conical papilla, PAPILLATE BINATE (Figure 5-7,9) with two conical papillae and PAPILLATE MULTIPLE (Figure 5-2,5,8) with multiple conical papillae. Another potential diagnostic type is RECTANGULAR DENTATE (Figure 5-3) which originated from the inflorescence. It has a rectangular shape with dentate long sides and smooth short sides.


[image: image]

FIGURE 5. Phytoliths morphotypes in Cyperaceae plants. 1. PAPILLATE SINGULAR; 2,5, and 8. PAPILLATE MULTIPLE; 3. RECTANGULAR DENTATE; 4 and 6. PAPILLATE SINGULAR; 7 and 9. PAPILLATE BINATE; and 10. BLOCKY.


In Salicaceae, TRACHEARY (Figure 4-1) and BLOCKY (Figure 4-2) were observed in P. alba, and only one SPHEROIDAL FAVOS phytolith was observed in S. bangongensis. However, these types of phytoliths could also be found in other plants.

Some phytolith types could be observed in many species, which are defined as insignificant types, including ACUTE BULBOSUS (Figure 4-3), ELONGATE ECHINATE (Figure 4-5), ELONGATE ENTIRE (Figure 4-8), and TRACHAERY ELONGATE (Figure 4-9). These phytolith types are common in both Poaceae and Cyperaceae plants.

The assemblages of phytoliths types showed significant differences on the family level, tribe level or genus level, as shown in Figure 6. It is possible to distinguish different taxon using phytoliths assemblages on the TP.


[image: image]

FIGURE 6. Phytoliths assemblages in studied species.




DISCUSSION

In Tibetan Plateau, overgrazing is the primary biotic stress during the growing season, and grassland degradation has become a major threat to the sustainable development of livestock raising (Niu et al., 2019; Zhan, 2020). As a result, most samples collected in this study have been eaten by herbivores, the aerial parts are no higher than 20 cm. Only one specimen (Stipa sp.) was collected inside a closed fence, which grew 50 cm higher, and the phytolith production is the highest of all samples (37 million grains per gram of dry weight). While the specimen collected outside the fence grew only no higher than 10 cm, and the phytolith production was much lower (14 million grains per gram of dry weight). It has been known that phytoliths deposit while plants grow (Ma and Yamaji, 2006) and increase with the evapotranspiration (Madella et al., 2009): inside the closed fence, plants could grow better and have higher evapotranspiration; thus, they accumulate more phytoliths. In recent years, phytoliths have been considered a long term carbon sink (Carter, 2009; Song et al., 2022). However, in Tibet, overgrazing influenced the biomass of plants and decreased the production of phytoliths, which might eventually influence the sustainable development of grassland and carbon sink in these regions.

On the northern Tibetan Plateau, most plants grow during the growing season (Che et al., 2014). Thus, the temperature and precipitation are the same during the phytolith accumulation in the sampling sites (Hu et al., 2022). However, humidity showed to bea more critical factor in the growth of plants (Fu and Shen, 2016). During the exploration and sampling, we found that Cyperaceae plants only grew in or near the open water and formed sedge communities; away from the open water, Poaceae plants became dominant species and formed grass communities. Within the Poaceae plants, P. australis and E. nigra grew near water, P. alopecuroides grew near, or not far from open water, Stipa sp. grew better in drier areas than Poa sp. Thus, the phytoliths producers in this study showed that the hydrological conditions influenced their distribution; in other words, the vegetation changed along the hydrological gradient. In many cases, phytolith types have been considered to represent particular climate and environment types (Fredlund and Tieszen, 1997; Boyd, 2005; Gu et al., 2007; Li et al., 2017; Zuo et al., 2020). In China, RONDEL and CRENATE phytoliths from Pooideae plants indicated a cooler climate, BILOBATE phytoliths from Panicoideae plants indicated a warmer climate and PAPILLATE phytoliths from Cyperaceae plants were found to indicate a wetter environment (Wang and Lu, 1993). In contrast, the phytoliths types in Tibet might reflect the hydrological condition: PAPILLATE, BULLIFORM FLABELLATE, and SADDLE might indicate a strong humid environment, BILOBATE might indicate a less strong humid environment, RONDEL and CRENATE might indicate a medium humid environment, and BILOBATE SADDLE might indicate a relative drier environment. Such differences in the relationship between phytoliths types and environmental factors would lead to the different explanations of phytoliths combination in soil profiles on Tibetan Plateau, which also emphasizes the importance of regional study before the implication of phytolith analysis.



CONCLUSION

This study explored the phytolith production and types in modern plants on the Tibetan Plateau. The results showed that the major phytolith producers are Poaceae and Cyperaceae plants, and we have found that BILOBATE SADDLE might be the new diagnostic type for the discrimination of Tribe Stipeae. Furthermore, phytoliths morphotypes and aseemblages on the TP respond to the environmental hydrological gradients rather than temperature compare with other regions in China: PAPILLATE, BULLIFORM FLABELLATE, SADDLE, BILOBATE represented a more humid environment, RONDEL, CRENATE, and BILOBATE SADDLE represented a relative dryer environment. These new data on modern phytoliths morphotypes and assemblages, as well as their response to the hydrological conditions could help future studies on the identification of phytoliths origins and the reconstruction of paleohydrological conditions.
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The Shunshanji Culture is the earliest known Neolithic culture in the mid-lower Huai River. In recent years, with new discoveries and deeper studies of the Shunshanji Culture, the concept of the Shunshanji cultural site group has gradually formed. Among them, various types of rice remains have been unearthed in large quantities, which provide key materials for discussing rice farming, rice cultivation and domestication, and related issues in the Huai River Basin. Previous studies have conducted reconstruction of local vegetation landscape and analysis of subsistence strategies on some systematically excavated Shunshanji cultural sites and obtained some new understandings. Integrative research, however, is lacking. In this review, we combine the construction of the local environmental landscape with the settlement landform within the Shunshanji cultural site group and then incorporate it into the regional environmental evolution of the mid-lower Huai River. The consistency and difference in their subsistence were also summarized. In particular, we focus on the relevant clues of the early paddy field cultivation system in the region and perform comparative studies.

KEYWORDS
 Shunshanji cultural site group, vegetation landscape, landform, subsistence strategy, paddy field cultivation system


Introduction

The Huai River Basin was located in the climatic and geographical transition zone, which directly influences and reflects its cultural tradition, making it an important cultural corridor (Guo, 2012). The early Holocene in the Huai River Basin corresponds to the early and middle Neolithic periods. There is no clear clue about the regional remains of the early Neolithic Age, and the Middle Neolithic (9,000–7,000 BP) remains can be roughly divided into three small regional systems (Zhang et al., 2018), among which the Shunshanji Culture (8,500–8,000 BP; Nanjing Museum and Sihong Museum, 2016; Lin, 2017; Yan, 2018; Zhu, 2018; Qin, 2021) is mainly distributed in the north of the mid-lower Huai River. The Shunshanji cultural remains were first discovered in the 1960s (Yin and Zhang, 1964), and after several excavations since 2010, more sites with similar cultural features were discovered and excavated on the west side of Hongze Lake in the past decade. With the corresponding research deepened, the concept of the Shunshanji cultural site group has gradually formed. The sites are mainly distributed in the middle and lower reaches of the Huai River, especially in the west of the Hongze Lake, and four sites have been discovered so far, including Shunshanji, Hanjing, Xuenan, and Yuzhuang (Figure 1). Among these, excavations were carried out in the former three sites, and a full survey was conducted at the last one. In addition, although some nearby sites have unearthed cultural remains with similar characteristics of the Shunshanji Culture, they generally show cultural and locality differences and were excluded from the group.

[image: Figure 1]

FIGURE 1
 Study area (A) and an enlarged view of the distribution area of the Shunshanji cultural site group (B). 1. Baligang site; 2. Jiahu site; 3. Zhumucun site; 4. Jiangli site; 5. Guangfulin site; 6. Maoshan site; 7. Shi’ao site; 8. Tianluoshan site; 9. Hemudu site; 10. Shangshan site; 11. Hehuashan site; 12. Huxi site; 13. Huangkou borehole; 14. Chao Lake borehole; 15. Sanchakou profile; 16. Qingfeng profile.


Discussions on the local environmental landscape and the economic pattern of settlements have been conducted on the sites of Shunshanji (Wu et al., 2017; Luo et al., 2021), Hanjing (Qiu et al., 2018b, 2022) and Xuenan (Qiu et al., 2021a). Carbonized rice, domesticated rice spikelets and domesticated rice phytoliths were unearthed from all the three sites of the Shunshanji Culture, indicating that rice was planted 8,000 years ago in the middle and lower reaches of the Huai River. Combining the 8,000-year-old rice (Zhang and Hung, 2013) excavated from the Jiahu site (Cheng, 2016) in the upper reaches of the Huai River and the Baligang site (Deng and Gao, 2012; Deng et al., 2015) near the Han River Basin, it was indicated that the Huai River Basin played a very important role in the process of rice domestication in prehistoric China. This new deduction challenged the general understanding that rice farming originated in the mid-lower reaches of the Yangtze River at approximately 10,000–9,000 BP in China (Yan, 1982; Zhao, 2009).

In the early Holocene, from the mid-lower reaches of the Yangtze River to the lower reaches of the Yellow River, the expansion of rice consumption or the early spread of rice farming may be related to the climatic environment, cultural and technological transmission, and human migration during the Holocene Optimum (Qin, 2012; Zhang and Hung, 2013). Within a specific spatiotemporal profile, the origin or development of rice farming may be more restricted by the local vegetation landscape, micro-geomorphic environment and other factors.

In this paper, based on the regional environmental background, the micro-geomorphology of the Shunshanji cultural settlement was investigated. Then the results of researches on the livelihood pattern of the Shunshanji Culture were integrated. In particular, the rice cultivation behavior and domestication process during the Shunshanji cultural period were discussed.



Regional landscape and landform of the Shunshanji Culture


Early Holocene environmental background recorded by natural sedimentation in the mid-lower Huai River

Palynological analysis has revealed the regional natural environmental landscape and climatic characteristics. Previous study on the Huangkou borehole in Xiao County, Anhui Province, revealed that the regional vegetation was coniferous and broad-leaved mixed forest, and the local vegetation was meadow composed of Artemisia and Chenopodium (Huang et al., 2005). Similar work on Qingfeng and Sanchakou profiles in Jianhu County, Jiangsu Province, revealed a mixed evergreen and deciduous broad-leaved forest with coniferous forest and halophytic meadow vegetation, and the representative plants included arboreal species of Quercus, Castanea, Cyclobalanopsis, Castanopsis, Pinus and herbs of Chenopodiaceae, Ranunculaceae, Poaceae and Artemisia (Zhao et al., 1990; Tang et al., 1991, 1993; Wu et al., 1996; Wu, 2018). The paleoenvironmental reconstruction of the Chao Lake, which is close to the geographical distribution of the Shunshanji Culture, reached the following conclusions: (1) The regional vegetation landscape was evergreen and deciduous broad-leaved mixed forest from 9,870 BP to 7,700 BP, which was in the rising stage of temperature fluctuation in the early Holocene; (2) At approximately 7,700 BP, the palynological assemblages changed with increased terrestrial herbs and shrubs and decreased deciduous trees, and the surrounding area of the Chao Lake probably experienced a high temperature and drought climate (Wang et al., 2008). This abrupt environmental event corresponds to the short drought period of 8,000–7,700 BP recorded in the Bangong Co (Gasse et al., 1996) and SumxiCo (Van Campo and Gasse, 1993) profiles in the western Tibetan Plateau. What was more, the climate change in northwest India also happened at the same period (Gasse et al., 1996). All these contemporary environmental events may be related to the global climate change caused by the sudden weakening of the Asian monsoon at approximately 8,000 BP, which is reflected in the δ18O records of high-resolution stalagmites in Sanbao Cave (Shao et al., 2006), Dongge Cave (Dykoski et al., 2005), and Qunf Cave (Fleitmann et al., 2003). In conclusion, during the early Holocene (10,000–7,500 BP), the mid-lower reaches of the Huai River generally presented a coniferous broad-leaved mixed forest and grassland type vegetation assemblage, with wetland vegetation such as reed and cattail mostly distributed, while the climate was cool and wet.

According to Yin (2018), the GX2 profile at Jianghu recorded a shallow sea environment (tidal inshore area) during ca. 8,500–7,500 BP (equivalent to the Shunshanji Culture). In the early Holocene, sea water invaded the Xuyi and Gaoyou areas many times which were close to the Shunshanji cultural distribution area on the west bank of the Hongze Lake; In the Middle Holocene, the relatively stable bay lagoons gradually formed the Jianghuai water network, including the prototype of present day Gaoyou Lake (Wu, 2018; Yin, 2018). The Hongze Lake was derived from an artificial water conservancy project named as “to preserve and clean up the Yellow River” after the Ming Dynasty. It is worth noting that the earliest archeological sites ever found in the Jianghuai area to the east of the Hongze Lake were dated back to 7,000 BP, which can be well fitted with the gradual retreat of the coastline in eastern China since 7,000 BP revealed by paleoenvironmental sediment indicators (Wu, 1990; Zhu et al., 1996; Xue et al., 2010; Yin, 2018). Therefore, the relatively concentrated distribution of the Shunshanji cultural sites in the western Hongze Lake is likely to reveal a larger transgression range in the early Holocene. However, as the elevation of the Hongze lakebed is over 10 meters above sea level, more direct evidence is needed to confirm this hypothesis.



Landform of Shunshanji cultural settlement

The Shunshanji site (33°34′34.23″ N, 118°10′11.44″ E, 26–30 meters above sea level) is on sloping land on the north side of the Chonggang Hill, with a drop of 4 meters from the northeast to the southwest, and covers an area of approximately 175,000 square meters (Nanjing Museum and Sihong Museum, 2016). The Hanjing site (33°35′ 27.42″ N, 118°13′3.18″ E, 20 meters above sea level) is also located at the front of the hillside on the north side of the Chonggang Hill, which is approximately 4 kilometers west of the Shunshanji site with an area of approximately 50,000 square meters (National Museum of China et al., 2018). The Chonggang Hill is a long and narrow uplift in the north–south direction, and the highest point is approximately 60 meters above sea level. The Chonggang Hill is surrounded by flat plains with an altitude of 16–18 meters. The Xuenan site (33°20′39.00″ N, 118°24′43.56″ E, 20 meters above sea level) is 45 kilometers away from the Hanjing site in the northwest and adjacent to Hongze Lake in the east. The site is mainly located at a relatively high-pitched position in the area with an unknown site area where the topsoil is now farmland (Qiu et al., 2021b). The Yuzhuang site (33°33′20.91″ N, 117°51′34.03″ E, 20–30 meters above sea level) is located on the piedmont slopes of the southwest foothills of the Ping Hill, approximately 30 kilometers east of the Shunshanji site, with an area of approximately 15,000 square meters (Zhang et al., 2018).

Through the simulation and reconstruction of the elevation grid (Figure 2), the micro-geomorphic characteristics of the Shunshanji cultural settlements can be summarized as follows. Firstly, these sites are generally located in the edge zone extending from hill to plain or basin, and most of them are moat settlements. Secondly, according to the historical records of the Huai River, flood and sea level changes are likely to have a great influence on regional landforms, especially represented by the formation of the Hongze Lake (Wu, 2018; Yin, 2018). The landform during the burial process of the Xuenan site should vary widely from its native landscape. In addition, due to the strong influence of the flooding of the Huai River and the role of the Hongze Lake, it is difficult to know accurately about the ruins of the native landscape by drilling. Thirdly, the area of the sites varies greatly, from more than 10,000 square meters to more than 100,000 square meters. On the one hand, it should be limited by the microscopic geomorphic environment where the sites are located. On the other hand, it may also reflect the difference in the settlement functions and layouts, especially between the closely located Shunshanji and Hanjing sites.

[image: Figure 2]

FIGURE 2
 Elevation grid of the Shunshanji cultural settlements.


The site landform is in the process of continuous epigenetic changes (Wang, 2017). The different roles of accumulation and erosion processes, human activities and other factors in the micro-geomorphic landforms of the Shunshanji cultural site group should be fully considered. In particular, the corresponding geomorphic environmental factors should be focused.




Local landscape and subsistence strategy of the Shunshanji Culture

A comparative study indicated that the study of cultural accumulation in archeological sites is effective in reconstructing the local environmental landscape (Qiu et al., 2016, 2020). In addition, animal remains unearthed at the site are also direct evidences for studying the surroundings and economic patterns at that time. Because some wild animals are sensitive to the natural environment, their existences can help us rebuild the local environment to a certain extent. For example, Cervus nippon generally lives in thickets or grasslands at forest edges, Elaphurus davidianus mostly inhabits swamp grassland or reed land on plains, and Hydropotes inermis and other small deer mostly live in reed or thatched environments near rivers, lakes, and beaches, while wild boar inhabits dense bushes, wet deciduous forests or grasslands (Sheng et al., 1999).

Plant remains analyses revealed that the vegetation types of the Shunshanji site mainly include reed, rice, barnyard grass, Cyperaceae and other aquatic or wet plants, together with oak, job’s-tears, Cucurbitaceae, Portulacaceae, Chenopodiaceae, Asteraceae, Poaceae and other terrestrial plants (Table 1). Among them, rice showed the characteristics of early domestication, and the degree of domestication gradually increased from the first to the third stage of the Shunshanji Culture (Luo et al., 2016).



TABLE 1 Plant assemblages of the Shunshanji site.
[image: Table1]

Zooarchaeological research (Nanjing Museum and Sihong Museum, 2016) revealed the fauna of the Shunshanji site as follows: (1) At the first stage of the Shunshanji Culture, Suidae and large Cervidae were mainly discovered, with the former dominant; (2) At the second stage of the Shunshanji Culture, the fauna mostly included Suidae, Cervidae, Bubalus, Canis, Felidae, and Testudines, among which Suidae species account for the largest proportion; and (3) At the third stage, Suidae, large and medium Cervidae, Canis and Panthera tigris were reported. Among them, the dogs have been domesticated. As to the family Suidae, wild pigs are predominant along with a certain proportion of domestic pigs holding early domestication characteristics. Thus the ancestors of the Shunshanji site mainly obtained meat resources through hunting (wild pig and deer), supplemented by livestock breeding.

Analyses of plant remains at the Hanjing site revealed that rice cultivation and wild plant resource collection coexisted for a long time; Among the unearthed animal remains, pigs were the most abundant mammals, followed by deer, and there were also many freshwater animals, mainly including fish and turtles (Qiu et al., 2018b). Even though few plant remains were unearthed from the accumulations in the trenches (relatively less affected by human activities at that time, Figure 3) at the Xuenan site, various types of plant utilization were still noticed. In addition to rice production, wild plant resources were also consumed by the ancestors, including Euryale ferox and other tubers (Qiu et al., 2021a). In addition, many mussel shells, mussel tools, fish and turtle bones, and mammal bones were also unearthed at the Xuenan site, reflecting the effective use of aquatic and terrestrial animal resources and even domestication of pigs (Qiu et al., 2021b).

[image: Figure 3]

FIGURE 3
 Sampling profile of the Xuenan site for analyses of pollen and phytolith.


Besides those evidences mentioned above, the findings and study of tools and vessels from the Shunshanji Culture (Nanjing Museum and Sihong Museum, 2016; National Museum of China et al., 2018) could also be integrated to shed light on a comprehensive understanding of its subsistence strategy. The stone tools mainly include axe, adze, millstone, and grindstone while cone dominates bone and horn artifacts. But no explicit farming tools were discovered. The majority of the pottery was made of sand-tempered or plant-tempered pastes, or fine clay pastes. The typical pottery assemblages consisted of fu-cauldron, jar, bo-bowl, bowl, ring footed plate, vessel lid, cup, bottle, foot supporter, spinning wheel, and file, of which the fu-cauldron and the foot support were used as a cooking set. Most of the fu-cauldron vessels have a black inner surface and a reddish or reddish-brown outer surface, indicating that they were indeed used for cooking or similar heating activities. Analysis of organic residues from potshards suggests the pottery was mainly used to process C3 plants, aquatic foods and terrestrial non-ruminant animals (Qiu et al., 2022; unpublished data from lipid analysis of pottery residues conducted by Rao).

On the whole, multiple indicators, such as carbonized plant remains, phytoliths and starch grains (Luo et al., 2016; Yang et al., 2016; Wu et al., 2017), suggest that gathering was the main way for the ancestors to obtain plant food resources (Quercus, Trichosanthes kirilowii, Coix lacryma-jobi, etc.) at the Shunshanji site while rice production was an effective supplement. Similar subsistence strategy was also found in the nearby Hanjing and Xuenan sites (Qiu et al., 2021a, 2022), and the latter also showed obvious intake of seafood (unpublished data from lipid analysis of pottery residues conducted by Rao). This may reflect the role of human selection superimposed by microscopic geography and environmental landscape. Whether this phenomenon has universality and timeliness in the mid-lower Huai River or even the lower reaches of the Yangtze River deserves special attention and further exploration.

Pollen analysis (Qiu et al., 2021a) showed that during the Shunshanji Culture, the evergreen-deciduous broad-leaved forest around the Xuenan site tended to decrease, and terrestrial herbs represented by Poaceae developed (see Figure 3; Table 2 for detailed sampling section and lithology description). Setaria, Digitaria, Artemisia, Plantago, Chenopodiaceae and other plants grew on the forest edges or wastelands; Cyperaceae, reed, rice and other plants grew in wetlands; and E. ferox, Typha and Myriophyllum were distributed in lakes and swamps. The water area expanded, water activities intensified, and the climate was generally warm and wet with fluctuations, presenting a wetland landscape suitable for the development of rice agriculture. Meanwhile, the fauna of the Shunshanji Culture generally indicated a coexistence of forest, grasslands and wetlands in the area where the sites were located.



TABLE 2 Lithology description of the section at the Xuenan site where pollen and phytolith analyses were carried out.
[image: Table2]

In summary, during the Shunshanji Culture, the climate in the mid-lower Huai River was warm and humid, and the ancestors lived in a landscape surrounded by trees, shrubs, grasses and wetlands (Table 3), showing a subsistence strategy dominated by hunter-gathering supplemented by livestock raising and rice cultivation. Moreover, there are certain differences between sites.



TABLE 3 Main local vegetation landscape of the Shunshanji cultural site group.
[image: Table3]

It should be noted that the Jiahu site was located in the upper reaches of the Huai River during the Jiahu Culture, whose local vegetation landscape was as follows (HPICRA, 1999): (1) There were sparse deciduous broad-leaved forests consisting of Quercus, Castanea, Juglans, Corylus on the nearby hillsides, and Ulmus, Salix, Morus, and Prunus were occasionally seen; (2) Bushes such as Ziziphus and Tamarix grew under forests or on ridges and cliffs; (3) Plains may be covered with grasses dominated by Artemisia, Compositae, and Chenopodiaceae; and (4) Aquatic or wetland plants such as Nelumbo, Trapa, Cyperaceae, and Ceratopteris were distributed in waters and wetlands. At the same time, artificially managed wild rice growing areas and/or even paddy fields may be present.

The Huai River Basin at this stage presented a relatively similar environmental landscape, which was relatively stable and suitable for human activities. This should be an important basis for the rapid development of Neolithic cultures in the entire region, and it is also an effective guarantee for the development of regional rice farming.



Rice domestication and cultivation of the Shunshanji Culture


Rice domestication and crop processing in the Shunshanji Culture

Fluctuating progress during long-term rice domestication was supported by phytolith analyses at numerous sites, including the Shunshanji and Hanjing sites in the mid-lower Huai River, Shangshan, Hehuashan, Kuahuqiao, Tianluoshan and other sites in the Qiantang River Basin (Huan et al., 2014, 2021; Wu et al., 2014; Luo et al., 2016; Zuo et al., 2017; Qiu et al., 2018a). The morphological features of Oryza-type bulliform cells, however, point to a discrepancy in the prediction of rice domestication with those of double-peaked Oryza-type glume cells (Qiu et al., 2022). The former shows that the rice domestication degree in the mid-lower Huai River is more progressive than that in the Qiantang River. The latter seems to support a contradictory indication.

In addition to studying rice cultivation and domestication, phytolith assemblages can also be used to analyze crop processing (Harvey and Fuller, 2005; Zheng et al., 2009; Weisskopf, 2014; Weisskopf et al., 2014). Moreover, the litter produced by crop processing can also, to some extent, reflect the field system where they are grown and harvested (Weisskopf, 2014; Weisskopf et al., 2014). According to ethnological studies, hulling often occurs near the position where the grain is consumed and the bran is then fed to livestock (Nakai, 2008; Weisskopf et al., 2015a). The vast majority of hulling wastes are generated in the final stages of crop processing, indicating storage of more processed crops and postharvest processing on a larger scale and in larger groups, while primary farm waste (straw, etc.) indicates smaller-scale harvesting and processing, such as smaller household groups (Weisskopf et al., 2015a).

It is to be noted that the concentrations of double-peaked Oryza-type glume cells were much higher than those of Oryza-type bulliform cells in most samples from the Shunshanji and Hanjing sites during the Shunshanji Culture (Luo et al., 2021; Qiu et al., 2022). This phenomenon implies that rice ears together with the stems and leaves were likely to be stored after the harvest, then threshed and de-husked simultaneously (Luo et al., 2021). The straw and bran by-products were probably tempered in pottery and sintered red soil (Qiu et al., 2022) or discarded around the sites. Meanwhile, it suggests that the Shunshanji Culture presented smaller household groups.

In addition, carbonized rice remains, including rice grain, rice spikelet, depressions of rice husks on pottery sherds and sintered red soil, also shed light on rice domestication and crop processing during the Shunshanji Culture (Luo et al., 2016; Yang et al., 2016; Wu et al., 2017; Qiu et al., 2022).



Phytolith assemblage indicates paddy cultivation regimes of the Shunshanji Culture

The morphological and chemical characteristics of crops’ phytoliths holds great potential to study ancient irrigation and water conditions in those environments where water is the limiting factor (Madella et al., 2009). In general, rice cultivation regimes include upland rainfed, lowland rainfed or irrigated, flooded or décrue, and deep water cultivation (Weisskopf et al., 2014). Among them, décrue agriculture can be defined as a low-labor input system where seeds were sown into alluvial sedimentary environments after the flood recedes (Harlan and Pasquereau, 1969). The cultivation system can be reflected to a certain extent by the characteristics of the phytolith assemblage. Accordingly, some scholars established the wet/dry model of phytolith assemblage and used it to identify hydration, distinguish millet upland farming from rice farming and differentiate paddy fields from dry fields (Weisskopf, 2017). The paddy field systems of the Tianluoshan, Caoxieshan and Maoshan sites have been analyzed using this model, which illustrates the transformation from submerged paddy fields and drainage fields to large-scale intensive paddy fields (Weisskopf et al., 2015b). Previous studies have shown that the early (8,000–6,000 BP) rice field systems in the mid-lower reaches of the Yangtze River were mostly wetland paddy field systems, which were concentrated in alluvial lowlands and focused on water management, while the early rice cultivation in northern and eastern India was relatively dry monsoon-rainfed system (Fuller and Qin, 2009; Weisskopf et al., 2014). In addition, phytolith combinations (especially those of unidentifiable types) can be used to distinguish cultivated paddy fields from wild rice natural habitats through comparative analysis of modern wild rice growing sites, paddy fields, and non-rice topsoils (Huan et al., 2018, 2020).

The principles of this method are as follows (Blackman, 1968; Piperno, 1988; Madella et al., 2009; Weisskopf et al., 2014; Weisskopf, 2017): (1) Phytoliths in the leaves of herbaceous plants can be divided into fixed or dry form (bilobate, polylobate, long scooped bilobate, rondel, cross, saddle, tall saddle and other short cells) and sensitive or wet morphotype (stomata, elongate psilate, elongate echinate, trapeziform sinuate and other long cells) and (2) The formation of the former type is controlled by genes, while the latter can only be formed by sufficient water absorption. The yield of sensitive morphotypes varies in the whole plant, which is mainly related to the availability of water during plant growth and the effect of general climatic conditions on transpiration (Madella et al., 2009).

Specifically, in the study of ancient paddy fields, the higher content of sensitive forms indicates that rice is growing in a more continuous wet environment, such as the riverside, while more fixed forms indicate drier fields, which were most likely irrigated early and drained late in crop growth (Weisskopf et al., 2015a). This field management operation of irrigation before drainage can increase the yield of many rice varieties (Bhagat et al., 1996). In addition to fixed and sensitive forms, the decrease in Cyperaceae phytoliths and the increase in spongy spicules and diatoms may also indicate better water conditions in paddy fields (Weisskopf et al., 2015a). According to the above analytical principles and methods, the published phytolith assemblages in the paddy fields of Shunshanji (Qiu et al., 2018b, 2022), Majiabang (Qiu et al., 2014b,c), Liangzhu (Qiu et al., 2014a), and Guangfulin (Zheng, 2014) Cultures were integrated, and the corresponding phytolith assemblages in modern paddy fields and wild rice growing fields (Huan et al., 2018; Qiu, 2021) were combined for comparison (Figure 4; Supplementary Table S1). As shown in Figure 4, the S/F ratio of Hanjing (8500–8,000 BP) was between that of the modern wild rice fields and the paddy fields of the Majiabang Culture (7000–5,800 BP), while those between about 7,000–4,000 BP tended to grow with a wider range. The possible reasons could be the variations of the water environment system of ancient paddy fields and the representativeness of the analyzed samples, which need to be further explored by the comparative analysis of paddy fields in the same period.
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FIGURE 4
 Comparison of phytolith assemblages in paddy fields. The numbers in the figure area indicate the number of anomalous data beyond the edge of the boxplot, where the circles are closer to the edge and the asterisks are further away. The original phytolith data of Hanjing, Jiangli, Zhumucun, Guangfulin, modern wild fields and modern paddy fields was cited from Qiu et al. (2014a,b,c, 2018b, 2022), Zheng (2014), Huan et al. (2018), and Qiu (2021).


The ratio of sensitive phytoliths to fixed phytoliths (S/F) suggested that the ancient paddy fields in the mid-lower Huai River and the Taihu Lake Basin, which lasted for more than 4,000 years, seemed to show more persistent and continuous wet conditions (human factors not considered here). Modern paddy fields present the lowest content of fixed forms, which confirms that the long-term farming method of irrigating first and then draining water in relatively dry fields is in line with the actual demand for improving rice yield. Wild rice growing areas tend to be more like lowland rainfed systems, where wild rice is maintained by natural precipitation without human intervention in water supply.

The probable paddy fields of the Shunshanji Culture at the Hanjing site should be in the transition process from a natural lowland system (such as a modern wild rice growing area) to an artificial irrigation and drainage system, such as the ancient paddy fields at the Jiangli site (Qiu et al., 2014b,c), representing the early stage of rice agriculture. This is basically consistent with the results of carbonized plant study and phytolith analysis; that is, during the Shunshanji Culture (8,500–8,000 BP), there may have been a transition from using natural water in lowlands to using wetlands with regular flooding and drainage for rice cultivation (Luo et al., 2021). It also confirmed that rice in the Shunshanji Culture, identified by rice spikelet and phytoliths, was cultivated in the early stage of domestication (Qiu et al., 2018b, 2022).

These two types of paddy field cultivation systems (i.e., natural lowland or wetland system with low-level human interference and artificial irrigation and drainage system) are important representatives of the early development stage of rice farming. They may be the predecessor of the paddy field production system with intensive artificial intervention during the Hemudu and Liangzhu cultures in the lower Yangtze River, represented by the Shi’ao site in Yuyao (Hong, 2020) and the Maoshan site in Linping (Zhao, 2012), respectively. According to the report of China’s Top 10 New Archeological Discoveries of 2021, the total area of the ancient paddy fields at the Shi’ao site in the Ningshao Plain is approximately 900,000 square meters. The three stages of the Shi’ao paddy fields are all characterized by large fields, especially the rice fields of the Liangzhu Culture, which are composed of road networks and irrigation facilities, showing a more complete rice field system. In comparison, the paddy fields in the Liangzhu Culture at the Maoshan site, however, showed more diverse structural and morphological characteristics (Zheng et al., 2009; Zhao, 2012). This is different from the development of the paddy field system from small fields to large fields in the same period around the Taihu Lake area. It is to be noted that many ancient paddy fields were found during the Liangzhu Culture, and their shapes and structures were quite different. Could they represent different paddy farming systems? A comparative study including paddy field morphology, structure and sediment indicators should be carried out in future.

In addition, the rice growing environment revealed by the S/F value could be comparable to the regional environmental landscape. The S/F value of Hanjing indicates a relatively wet lowland rainfed or low-level irrigated system with less human interference in the early Holocene. And that from the Late Neolithic paddy fields at Jiangli, Zhumucun and Guangfulin presents wetter conditions during the Middle Holocene. This is consistent with the results of the Shunshanji Culture revealed by other environmental proxies, such as macro remains of fauna and flora, micro-remains of pollen and phytolith mentioned above as well as the related archeological features unearthed (Qiu et al., 2022).

According to the archeological findings and researches (Nanjing Museum and Sihong Museum, 2016; Zhang, 2018; Zhang et al., 2018), there is no evidence of the direct inheritance relationship between the Shunshanji Culture and the earlier and later archeological cultures in the middle and lower reaches of the Yangtze River. Human migration (ancient DNA irretrievable due to the hostile burial environment) or the spread of early agricultural-related technologies are not observed either. In view of this, we speculate that the mid-lower Huai River is likely to be another independent center for rice cultivation and domestication other than the middle and lower Yangtze region (Qiu et al., 2022). From the above, the important role of the Huai River Basin in the process of prehistoric rice farming is evidenced.

At present, the earliest Neolithic archeological remains in the mid-lower Huai River are from the Shunshanji Culture (ca. 8,500–8,000 BP), and its direct cultural origins remains unclear. Regarding its evolution, three archeological cultures in this region, the Shuangdun, Majiabang and Luotuodun cultures, have been discovered, which are about 7,000 years ago and chronologically closest to the Shunshanji Culture (Lin, 2017). However, a big chronological gap of nearly 1,000 years still exists. What’s more, the archeological remains within these cultures were quite different from those in the Shunshanji Culture and an inheritance relationship between them could not been defined. When concentrating on the Shunshanji cultural site group, the excavated sites all presented a third phase (ca. 7,800–7,700 BP), which was superimposed directly on the Shunshanji Culture. However, a short interval (ca. 8,000–7,800 BP) exists without clear signs of natural deposition or other associated accumulation, which makes it the key to study the evolution of this culture. As for the role of environmental change in the fall of the Shunshanji Culture, no direct research has been conducted yet. Further study is needed and particular attention should be paid on the interval of 8,000–7,800 BP.




Conclusion

The dispersal of agriculture is influenced by factors such as postdomesticational adaptive genetic changes in plants, anthropogenic changes in agricultural landscapes, and cultural dynamics of food selection (Fuller and Lucas, 2017). It is a good reflection of the effective shaping of human ecosystems and human adaptations. In the early Holocene, various types of rice remains unearthed from the Shunshanji cultural site group revealed that the mid-lower Huai River was in a critical temporal and spatial position for rice resources or the northward expansion of early rice farming. The Shunshanji Culture is at the beginning of the Holocene Megathermal. The regional climate is generally warm, humid and suitable for the development of prehistoric culture, and the local environmental landscape is advantageous.

The sites of Shunshanji Culture show the characteristics of coexistence of homogenization (dominance) and diversification in terms of settlement patterns, cultural factors and subsistence strategies. This enriched the diversity of rice farming in prehistoric China at this stage and shed light on exploring early rice farming systems under different micro-geomorphic environments.
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This study presents the first directly dated physical evidence of crop remains from the Early Neolithic archaeological layers in Taiwan. Systematic sampling and analysis of macro-plant remains suggested that Neolithic farmers at the Zhiwuyuan (Botanical Garden) site in Taipei, northern Taiwan, had cultivated rice and foxtail millet together at least 4,500 years ago. A more comprehensive review of all related radiocarbon dates suggests that agriculture emerged in Taiwan around 4,800–4,600 cal. BP, instead of the previous claim of 5,000 cal. BP. According to the rice grain metrics from three study sites of Zhiwuyuan, Dalongdong, and Anhe, the rice cultivated in northern and western-central Taiwan was mainly a short-grained type of the japonica subspecies, similar to the discoveries from the southeast coast of mainland China and the middle Yangtze valley. These new findings support the hypothesis that the southeast coast of mainland China was the origin of proto-Austronesian people who brought their crops and other cultural traditions across the Taiwan Strait 4,800 years ago and eventually farther into Island Southeast Asia.

Keywords: Austronesian, mixed farming, japonica rice, the Zhiwuyuan (Botanical Garden) site, northern Taiwan


INTRODUCTION

The early dispersal of Austronesian-speaking populations marked one of the world’s most extensive human migrations, giving rise to the most widely distributed language family before the colonial period (Blust, 1984; Kikusawa, 2014). In the past decades, several hypotheses have been proposed to interpret the rhythm and mechanism of this extraordinary event (e.g., Solheim, 1975; Bellwood, 1984; Diamond, 1988; Meacham, 1988; Oppenheimer and Richards, 2001). With the progress of archaeological, linguistic, and genetic studies, recent research has generated increasing evidence supporting the Out of Taiwan hypothesis (the homeland) and the Farming-Language Dispersal model (the migration mechanism) for Austronesian dispersal, first from Taiwan into the northern Philippines around 4,200 years BP, and onward into the Mariana Islands, Indonesian Archipelago, the Bismarck Archipelago, and beyond by 3,500 BP (e.g., Bellwood, 2002, 2005; Hung, 2005, 2008; Gray et al., 2009; Summerhayes, 2010; Hung et al., 2011; Carson et al., 2013; Skoglund et al., 2016; McColl et al., 2018; Blust, 2019; Chambers and Edinur, 2021; Pugach et al., 2021). One of the critical issues of these debates is whether agriculture dispersed contemporary with the early Austronesian migrants (Latinis, 2000; Paz, 2005; Denham, 2013). However, the main reason for these disputes is that very few archaeobotanical works have been completed in the region.

Rice has been in the central place of debates on the Austronesian expansion; whether the dispersal of rice followed the same pace as the early migrants from the southeast coast of mainland China into Taiwan and then Island Southeast Asia has been a widely disputed subject, especially for debates of the Out of Taiwan hypothesis and Farming-Language Dispersal model (Donohue and Denham, 2010; Bellwood, 2011). Moreover, some recent attempts based on genome analysis of modern rice landraces suggested a very different dispersal route and process (Gutaker et al., 2020; Alam et al., 2021), making this situation even more puzzling.

By contrast, new archaeobotanical data and radiocarbon dating tend to support a simultaneous dispersal of Austronesian people with their Neolithic package of plant and animal domestications, pottery and ground stone manufacturing, weaving, and other Neolithic innovations (e.g., Bellwood, 2011, 2017; Anggraeni et al., 2014; Chang et al., 2015; Deng et al., 2020a; Hung et al., 2022).

From the Early to Middle Neolithic archaeological contexts (4,800 through 3,500 cal. BP), Taiwan witnessed a rapid development of local society. The total number of settlement sites in the period of 4,500–3,500 cal. BP was more than seven times that of the previous period (Tsang, 1990; Hung and Carson, 2014). Concurrently, cultural groups developed regional diversity, as seen in the newly emerging cultural assemblages in different areas: Xuntangpu in northern Taiwan, Niumatou in central-western Taiwan, Niuchouzi in southern Taiwan, and Fushan in eastern Taiwan (Liu, 2007a; Hung and Carson, 2014; Kuo, 2019). During this period, some people moved to the Batanes and northern Luzon from Taiwan, starting the protracted dispersal in the following thousands of years (Hung, 2005, 2008; Bellwood et al., 2011; Bellwood and Dizon, 2013; Carson and Hung, 2018). Consequently, the Early-Middle Neolithic subsistence strategy in Taiwan is pivotal for understanding the economic foundation of early Formosan society and resolving current debates on Austronesian dispersal.

So far, somewhat limited archaeobotanical analyses have been conducted in Taiwan. Before this study, the Nanguanlidong site in southwestern Taiwan yielded the most abundant crop remains and suggested that rice (Oryza sativa), foxtail millet (Setaria italica), and broomcorn millet (Panicum miliaceum L.) were cultivated together (Tsang, 2005; Hsieh et al., 2011; Tsang et al., 2017). Additionally, different morphotypes of rice phytoliths around 4,200 cal. BP have been recovered from the Chaolaiqiao site in eastern Taiwan (Deng et al., 2018a). Otherwise, only a few rice grains have been reported from limited sites of Taiwan. More importantly, until now, no direct dating has been acquired from the actual ancient crops in any part of the island (including Nanguanlidong), making the exact timing ambiguous for the first farming in Taiwan.

The rich, intact rice grains from Zhiwuyuan, Dalongdong, and Anhe have provided an opportunity to investigate these questions. The critical time span of the earliest layers of these sites was contemporary to Nanguanlidong, although different terminologies were applied to name their affiliated cultural assemblages (e.g., Tsang, 2005; Hung and Carson, 2014; Kuo, 2019). However, like Nanguanlidong, all bottom layers of the three sites contained the diagnostic pottery of the Dabenkeng tradition (also known as Tapenkeng or TPK, see Chang, 1969), an essential cultural index of the early Neolithic in Taiwan. The present study involved a systematic analysis of macroscopic plant remains, as well as direct dating of those ancient plant remains, at the three key sites in northern and central-western Taiwan. New evidence from this study now can contribute toward clarifying the debates and questions about the emergence of agriculture in Taiwan.



MATERIALS AND METHODS


Site Description of Three Study Sites

The Zhiwuyuan site (120°30′37′E, 25°01′54′N) is situated in the central area of Taipei city (Figure 1). The north part of the site is within the scope of Taipei Botanical Garden (Zhiwuyuan), and other modern buildings and roads cover the south part. This region is the north terrace of the Xindian River, a tributary of the Danshui River in the Taipei Basin. The elevation of the site is around 6–8 m above sea level in modern times. It was discovered in 1901 and primarily surveyed in 1943 (Sato, 1901; Kanaseki and Kokubu, 1954; Kokubu, 1981), and then, several systematic surveys and excavations were conducted from 1999 to 2018 (Liu and Kuo, 2000; Chen and Kuo, 2004; Liu et al., 2006; Huang et al., 2008; Chiu et al., 2010; Liu, 2011; Kuo, 2021).
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FIGURE 1. Location of the studied sites and other main sites mentioned in this study; (1) Guodishan, (2) Nanshan, (3) Huangguashan, (4) Pingfengshan, (5) Gancaoling, (6) Nanguanlidong and Nanguanli, (7) Chaolaiqiao, (8) Nagsabaran, and (9) Magapit.


These efforts revealed that the whole site covers an area of roughly 60,000 m2, and the depth of the cultural deposit (in most parts of the site) is almost 5 m. The cultural remains of Zhiwuyuan are divided into four periods (or “phases”) by the excavator Kuo (2021), from the “Early Xuntangpu cultural phase” (ca. 5,200/4,800–4,200 cal. BP), and then, the next periods were described as phases of Yuanshan (3,000–2,500 cal. BP), Zhiwuyuan (2,300–1,800 cal. BP), and Shisanhang (1,400–1,100 cal. BP), with several hiatus periods between them. The “Early Xuntangpu cultural phase,” as defined by Kuo (2021), may have overlapped with the traditionally defined “Dabenkeng (or Tapenkeng) cultural phase” (e.g., Chang, 1969; Tsang, 2005; Hung and Carson, 2014), due to the range of the radiocarbon dating and typical Dabenkeng pottery style from this cultural layer (see the section Discussion below).

The Dalongdong site (121°31′00′E, 25°04′26′N) is located in Taipei city, only 5 km to the north of Zhiwuyuan (Figure 1). The site was discovered in 2006 during the demolition of modern buildings in this area (Liu, 2007b). The whole area of the site is over 25,000 m2. A test excavation (less than 100 m2) was conducted at Dalongdong in 2007, and a large-scale rescue excavation opened nearly 7,600 m2 in 2009 (Chu, 2012). As a result, many pits with refilled daily refuse and 20 artificial ditches were discovered. This excavation yielded abundant and varied pottery types and stone tools, as well as a few plant remains such as rice grains and fruit stones of chinaberry (Melia azedarach). Eight charcoal samples from Dalongdong have been dated by radiocarbon (Liu, 2007b; Chu, 2012), wherein the calibrated results concentrated in 4,500–4,100 cal. BP, with the early boundary extending at a low probability perhaps as old as 4,800 cal. BP.

The Anhe site (24°10′32′N, 120°37′21′E) is so far the earliest known Neolithic site in central Taiwan (Figure 1). It was discovered in 2003 and then excavated in 2014 and 2015, including reported excavations of 1,400 m2 and 12 m2, respectively (Chu, 2016; Yang and Cai, 2016). A cemetery of 48 human burials was found within 400 m2 in the south part of the 2014 excavation area. Another 10 pits in the same area contained unique artifacts, such as double conjoined cups, jars, and jade ornaments, which are believed to be associated with sacrificial practices. More than 4,000 ceramics and large amounts of stone tools, jade artifacts, and animal bones have been recovered from this site. A few plant remains were unearthed in 2015, including 11 charred rice grains and fragments. Eight radiocarbon dates from the 2014 excavation (Chu, 2016) concentrated around 4,800–4,000 cal. BP, and only one date was much older than the others at 5,654–5,479 cal. BP (95.4% probability).



Sample Collection and Processing

Soil samples were collected during the excavation at Zhiwuyuan from 2015 to 2018. Because the excavation area is too large (6,461 m2), only a portion of excavation squares was selected for sampling (see Figure 2). The sampling area of Zhiwuyuan could be divided into two separate spatial zones: Zone A in the west and Zone B in the east. All samples were retrieved from measured excavation squares (2 × 2 m2) and depth levels (every 10 cm).
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FIGURE 2. Layout of the excavation area and the distribution of sampled squares of the Zhiwuyuan site in 2015–2018.


Based on analysis of artifacts and radiocarbon dates, Neolithic cultural deposits of the 2015–2018 excavation area could be divided into the Early Xuntangpu phase and the Zhiwuyuan phase. In total, 101 samples of the Early Xuntangpu phase and 217 samples of the Zhiwuyuan phase have been collected (Supplementary Table S1). These samples were floated at the site using buckets, and macroscopic plant remains were retrieved by mesh bags with 300 × 300 μm2 apertures. All samples were dried in the shade at the site and sent to the Archaeobotanical Laboratory of Peking University. Seeds, fruits, and other plant remains were sorted, identified, and counted under the microscope at 15–20 magnification, referring to modern references and published criteria (Wang, 1990; Nesbitt, 2005; Guo, 2009; Cappers and Bekker, 2013). In addition, the length, width, and thickness of intact mature rice grains were measured under a microscope.

Rice grains from the 2009 excavation at Dalongdong and the 2015 excavation at Anhe were re-examined with the permission of the Institute of History and Philology, Academia Sinica. All intact specimens were measured under the microscope for grain metrics analysis in Academia Sinica. In this regard, 19 rice grains from Dalongdong and four rice grains from Anhe were documented carefully.

Nine samples from the Early Xuntangpu and one from the Zhiwuyuan phase of the Zhiwuyuan site have been processed at the Key Laboratory of Radiocarbon Dating in Peking University and Beta Analytical for accelerator mass spectrometry (AMS) radiocarbon dating. These samples include two foxtail millet grains, one rice spikelet base, and seven rice grain fragments. In addition, three rice grains from Dalongdong were directly dated at the Radiocarbon Laboratory in the Australian National University. Details of all dated samples are presented in Supplementary Table S2.




RESULTS


Radiocarbon Dating Results

In total, this study obtained 12 direct radiocarbon dates of the crop remains from Zhiwuyuan and Dalongdong (Supplementary Table S2). All dates were calibrated along with previously published dates of the same site in a Bayesian model incorporating phasing by OxCal 4.4 (Bronk Ramsey, 2009), using the IntCal20 atmospheric curve (Reimer et al., 2020). The eight dates of the Early Xuntangpu culture phase from the Zhiwuyuan site are generally consistent with their cultural affiliations, concentrated in 4,520–4,000 cal. BP. Before this study, four dates of this period were published (Chen and Kuo, 2004; Liu et al., 2006; Chiu et al., 2010), but three were based on conventional radiocarbon dating with a wide error range, the older limit of which thus could extend as old as 4,830 cal. BP. However, according to the Bayesian model, the Early Xuntangpu culture period of Zhiwuyuan most likely began around 4,534 cal. BP and ended around 3,986 cal. BP (using medium age of boundary start and end date, see Figure 3A). The rice grain sample from the Zhiwuyuan cultural phase yielded a date of 1,786–1,618 cal. BP, slightly later than previously suggested dating (2,300–1,800 cal. BP; Kuo, 2021, for original dates, see Supplementary Table S2).
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FIGURE 3. Radiocarbon dates from Zhiwuyuan (A), Dalongdong (B), Anhe (C), and Nanguanlidong (D), calibrated in a Bayesian model incorporating phasing by OxCal 4.4 (Bronk Ramsey, 2009) using the IntCal20 atmospheric curve (Reimer et al., 2020; References of previous data and details of all data are presented in Supplementary Table S2).


Two rice grains from Dalongdong yielded similar dates, including one at 4,520–4,409 cal. BP and another at 4,520–4,411 cal. BP (95.4% probability). A third date was slightly later, at 4,410–4,189 cal. BP (95.4% probability). These three direct dates from rice remains are consistent with the previous four AMS radiocarbon dates from charcoal samples (Liu, 2007b; Chu, 2012). However, the four conventional radiocarbon dates of charcoal yielded a wider range, with the older limit reaching 4,820 cal. BP. Bayesian model analysis of all these dates indicates that the occupation period of Dalongdong began around 4,585 cal. BP and ended around 4,208 cal. BP (using medium age of boundary start and end date, see Figure 3B).

Regarding the Anhe site, no direct dates of crops have been obtained in this study. However, our Bayesian analysis of previously published dates reveals that Anhe possibly was occupied slightly earlier than the other two sites, extending most likely from 4,943 to 4,010 cal. BP (using medium age of boundary start and end date, see Figure 3C).



Macroscopic Plant Remains

The preservation conditions of plant remains from Zhiwuyuan varied greatly between samples and periods. In total, 67,918 plant remains have been recovered in this study, including 67,165 from the Early Xuntangpu period and 753 from the Zhiwuyuan period (Supplementary Table S1). Moreover, 25 of 101 (24.7%) collected samples from the Early Xuntangpu phase and 135 of 217 (62.2%) from the Zhiwuyuan phase yielded no plant remains at all, and significant internal differences likewise could be observed in the abundance of plant remains in other samples (Figure 4).
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FIGURE 4. Abundance distribution of plant remains from the Zhiwuyuan site.


Overall, 38 taxa of plants have been identified to species, genus, or family levels. All these remains could be grouped into four categories: crops, fruits, grasses, and other weeds. Rice (Oryza sativa) and foxtail millet (Setaria italica) are the two crops recovered from Zhiwuyuan. The noteworthy point is that quite diversified rice remains have been identified, comprising grains, spikelet bases, apexes of husk, and isolated embryos (Figure 5). Rice grains could be classified into intact grains, large fragments (nearly half or larger), and small fragments (smaller than half) according to their preservation conditions, while the intact grains included mature and immature types. In total, 59,190 of these remains have been identified in this study, accounting for 87.15% of all plant remains. Rice spikelet base is the most abundant type, of which 44,914 specimens have been recovered. In addition, 22 intact mature rice grains have been measured individually, producing averages of length at 4.03 mm, width at 2.50 mm, and thickness at 1.83 mm. These rice grains from Zhiwuyuan, Dalongdong, and Anhe showed an explicit feature of short-grained type (for details, see the section “Discussion” below and Supplementary Table S3).
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FIGURE 5. Different types of rice remains from the Zhiwuyuan site. (A) Modern rice with husk, (B) apex of rice husk, (C) rice spikelet base (non-shattering type), (D) rice spikelet base (shattering type), (E) rice spikelet base (protruding type), (F) mature rice grain, (G) embryos of rice grain, (H) big fragment of rice grain, (I) small fragment of rice grain, and (J) immature rice grain.


Similarly, foxtail millet grains could be classified into mature, immature, and very immature categories (Figures 6A–C), according to previous research and criteria (Song et al., 2013; Deng et al., 2021). Apart from these intact grains, fragments of mature and immature grains were identified. Only 1,626 foxtail millet grains and fragments have been recovered, accounting for 2.39% of all plant remains.
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FIGURE 6. Other main plant remains from the Zhiwuyuan site. (A) Mature foxtail millet grain, (B) immature foxtail millet grain, (C) very immature foxtail millet grain, (D) Setaria sp., (E) Actinidia sp., (F) Vitis sp., (G) Cucumis sp., (H) Broussonetia papyrifera, (I) Rubus sp., (J) Sambucus sp., (K) Scirpus sp., and (L) Solanaceae.


Fruit remains from the Zhiwuyuan site are rich, referring to 6.41% of all plant remains. However, 3,569 are Sambucus sp. (Figure 6J), taking up 81.99% of this category. Besides, Rubus sp. (Figure 6I) and Broussonetia papyrifera (Figure 6H) are also relatively common in the Zhiwuyuan samples, especially during the Early Xuntangpu phase, while other fruits like Diospyros sp., Actinidia sp. (Figure 6E), Vitis sp. (Figure 6F), and Cucumis sp. (Figure 6G) appeared only occasionally and in low quantities.

Grasses are dominated by Setaria sp. (Figure 6D) and Digitaria sp., with the sparse discovery of Echinochloa sp., Eleusine indica, and other Panicoideae or Pooideae seeds. The total number of these remains is only 250, accounting for 0.37% of all plant remains. Regarding other weeds, 1,088 Caryophyllaceae seeds have been discovered, but most are from three collected samples. Scirpus sp. (Figure 6K) is the most common weed from the Zhiwuyuan site, while Brassicaceae, Solanaceae (Figure 6L), Polygonaceae, and other weeds appeared in limited quantities. Overall, grasses and other weeds are not abundant in most samples in Zhiwuyuan, accounting for 4.05% of all plant remains in total. The current evidence allowed only limited insights into the nature of crop cultivation, like dryland, rainfed, and irrigated permanent fields.




DISCUSSION


Farming Practices of the Neolithic Zhiwuyuan in Northern Taiwan

The Zhiwuyuan site provides a precious chance to investigate early farming in Taiwan. In the Early Xuntangpu archaeological context, many plant remains have been recovered, but obvious spatial differentiation could be observed across the site. As shown in Figure 7A, assemblages of plant remains in the two sampled zones showed significant differences, wherein 97.54% of plant remains are from Zone A. This high concentration in one versus another zone could reflect possible different working areas that serviced different functions in the ancient settlement. The assemblages of plant remains further could clarify this scenario, noting that Zone A included mostly crops, while Zone B was dominated by varied weeds, with only three small fragments of rice grains and seven spikelet bases (Figure 7A).
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FIGURE 7. Assemblage of plant remains from the Zhiwuyuan site. (A) Proportions of different plant remains of the Early Xuntangpu phase and Zhiwuyuan phase from Zone A and B, (B) proportions of different types of rice remains of the Early Xuntangpu phase from Zone A, and (C) proportions of different kinds of foxtail millet remains of the Early Xuntangpu phase from Zone A.


Moreover, most rice remains from Zone A are spikelet bases, apexes of husks, and isolated embryos (Figure 7B), while only 46 mature rice grains have been recovered. A similar pattern could be observed with foxtail millet, of which immature and very immature grains accounted for 80.63% of the whole assemblage (Figure 7C). Overall, the high proportion of byproducts suggests that this area was used for threshing, dehusking, and winnowing cereal crops.

The proportions of rice and millet are difficult to speculate in the contemporary farming practice based solely on a direct comparison of absolute quantities, because the remains of spikelet bases, isolated embryos, and husk fragments of foxtail millet usually are too small to be preserved in archaeological records. As a result, the abundant discovery of the rice remains cannot lead to a simple conclusion of a rice-dominated crop pattern. Notably, the number of mature foxtail millet grains is much higher than rice. Even when considering immature and very immature grains, the total amount of foxtail millet still is higher than the intact grains of mature and immature rice. Hence, foxtail millet quite possibly played an essential role in the Neolithic subsistence of northern Taiwan.

Since its early phase, the main subsistence strategy at Zhiwuyuan has been cereal crop cultivation. All of the fruit remains from this site are from fleshy types, and no starchy nuts such as acorns were present, noting that starchy nuts otherwise are quite common in hunting-gathering sites (e.g., Rosenberg, 2008; Tushingham and Bettinger, 2013). Moreover, the most abundant fruit, Sambucus sp., was possibly a natural shrub in the settlement and not necessarily a food resource. A similar crop pattern continued into the Zhiwuyuan phase. However, the quantity of plant remains in this period decreased dramatically compared to the previous Early Xuntangpu phase. The total amount of all types of rice remains is only 97, and three mature grains and seven immature grains of foxtail millet have been recovered. These findings may reflect the effects of a change in settlement planning or poor preservation conditions.

Overall, archaeobotanical evidence from the Zhiwuyuan site indicates a dating of no later than 4,500 cal. BP for the cultivation of rice and foxtail millet as staple foods in northern Taiwan, and this mixed farming strategy continued at least as late as 1,800 cal. BP at this site.



Rice Variety Cultivated in Neolithic Taiwan as Revealed by Morphometrics

Previous research has stressed that morphometric analysis of rice grains cannot be used for discrimination of domesticated vs. wild rice due to complex factors, but it still could provide practical indications to distinguish japonica vs. indica varieties under the premise of domestic species in archaeobotanical research (Fuller et al., 2007; Castillo, 2011). Generally, the length-width (L/W) ratios of >2.2 indicate indica-type rice, and ratios <2.0 are japonica type, although such tendencies are complex and by no means absolute. This criterion has been attested by the integrated study of ancient DNA and grain morphometrics in archaeological sites of Thailand and India (Castillo et al., 2016). According to this criterion, rice grains from Zhiwuyuan, Dalongdong, and Anhe showed typical features of japonica rice, with L/W ratios of most specimens under 2.0 and none at all above 2.2 (Figure 8). Comparison with other contemporary discoveries from the middle and lower Yangtze valley reveals a similar pattern, supporting the hypothesis that early rice cultivated in East Asia and Southeast Asia were all of the japonica type (Fuller, 2011).
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FIGURE 8. Rice grain L/W ratio distributions of Zhiwuyuan, Dalongdong, and Anhe compared to remains from Neolithic sites of middle and lower Yangtze valley.


A more detailed analysis suggests that the rice variety cultivated in Neolithic northern Taiwan was a typical short-grained type. The average lengths of rice grains from Zhiwuyuan and Dalongdong are 4.03 and 4.29 mm, respectively (Figure 9). This value is similar to contemporary remains from the middle Yangtze valley. For example, the average lengths of rice grains from the Tanjialing locality of Shijiahe city ruins (Deng et al., 2013), Xiezidi (Tang et al., 2014), and Guodishan (Deng et al., 2020b) usually are shorter than 4.5 mm (Deng, 2015). However, most of the lower Yangtze valley remains are much longer, falling in the range of 4.5–6 mm (Gao, 2017), although some short-grained types are found in the northern part of the Yangtze plain (for example, some sites like Dongshancun in Jiangsu province), and mountainous regions in the south that are culturally connected to inland Jiangxi and Fujian provinces (e.g., Shanyawei; Figure 9). On the other hand, no noticeable difference could be observed in the widths of rice grains from different regions (Figure 9), which indicates the northern Taiwan and middle Yangtze valley varieties were short-grained but plump types. In this case, the four rice grains from the Anhe site were possibly immature, as their lengths and widths were significantly lower than others.

[image: Figure 9]

FIGURE 9. Comparison of length and width of rice grains from Zhiwuyuan, Dalongdong, Anhe, and other late Neolithic sites (ca. 4,800–4,200 cal. BP) in the middle and lower Yangtze valley.




The Beginning of Agriculture in Taiwan

As stated above, the emergence of agriculture in Taiwan is of great significance for investigating the ancient Austronesian population expansion. However, owing to the lack of direct evidence, many previous discussions on this issue were based on the discoveries at the single site of Nanguanlidong (e.g., Tsang, 2005; Hsieh et al., 2011; Tsang et al., 2017), generally regarded as the earliest farming site in Taiwan. Unfortunately, the rice and millet remains from Nanguanlidong were not dated directly, and the precise context information often was unspecified in terms of association with a particular archaeological layer and locality. Nine radiocarbon dates from Nanguanlidong have been published, but eight of those results were conventional charcoal samples that produced wide error ranges of 300–800 years (Figure 3D). Moreover, radiocarbon dates of different phases at Nanguanlidong do not fit the cultural sequence, for example, noting that most dates from distinctly different contexts of Layer 3 and Layer 1 fall into the same time range. As a result, the available radiocarbon dates from Nanguanlidong have not pinpointed the exact time of the first farming in Taiwan.

As for Zhiwuyuan and Dalongdong, the direct dates of crop remains are generally consistent with other charcoal samples, although some conventional dates show a wide range. Generally, the Bayesian model analysis suggests a starting date around 4,600 cal. BP at both sites (Figures 3A,B).

Eight AMS radiocarbon dates have been obtained from the Anhe site, including two from human bones and six from charcoal (Figure 3C; Supplementary Table S2). According to the stratigraphy information of these dated contexts, the two old dates from contexts WTP2L18 and WTP1L12 should be excluded as they contradicted their stratigraphic order and therefore may have been old or displaced materials. Hence, the reliable starting date of human activities and farming practice at the Anhe site was around 4,800–4,600 cal. BP.

The emergence of farming in Taiwan was perhaps not as early as previously has been suggested at 5,000 cal. BP or older. In fact, our new proposed date of earliest farming at 4,800–4,600 cal. BP in Taiwan accords well with the earliest such discoveries from the adjacent regions. The full cross-regional sequence can be outlined with farming in Fujian and Guangdong around 5,000–4,800 cal. BP, followed by evidence in Taiwan about 4,800–4,600 cal. BP, next dispersing southward to Northern Luzon at 4,200–4,000 cal. BP, and later evident in Sulawesi around 3,500 cal. BP (Deng et al., 2018b, 2020a, 2022; Yang et al., 2018; Hung et al., 2022).



The Important Role of Millets and the Mixed Farming

Regarding the specific farming strategies practiced by early Austronesians in Taiwan, the prior research at Nanguanlidong already has emphasized the importance of mixed farming instead of pure rice cultivation (Tsang et al., 2017). Now, the crop remains from Zhiwuyuan further have confirmed this pattern, evident not only in southwestern Taiwan but also in the northern part. Nevertheless, a clear difference still could be found between the two sites, as no broomcorn millet has been recovered from Zhiwuyuan. Therefore, more basic work from other sites in the future will be important to clarify the site-specific variations within the overall pattern.

Stable isotope data of human bones from 11 sites in Taiwan demonstrated that millets were an important staple food in the Neolithic period (4,600–2,000 cal. BP) and Iron Age (2,000–400 cal. BP; Lee et al., 2018). For example, the δ13C values of six individuals from the Yuanshan site (ca. 3,200–2,300 cal. BP) are generally higher than −16%, and the δ14N are under 10‰, suggesting a high proportion of C4 millets in their daily diet. In addition, millets were used as food for domesticated animals such as pigs and dogs at this site (Lee et al., 2016).

The corroborating lines of evidence demonstrate the importance of millets in the Neolithic and Iron Age agricultural systems of Taiwan. These findings are consistent with recent discoveries in the southeast and southern coast of mainland China, where both rice and millets were cultivated after 5,000 cal. BP, for example as reported at Nanshan in Fujian (ca. 5,000 cal. BP; Yang et al., 2018) and at Gancaoling in Guangdong (4,800 cal. BP; Deng et al., 2022). In northern Luzon, foxtail millet has been reported from the Metal Age layer of Nagsabaran, although the earliest appearance in this region remains uncertain (Hung et al., 2022; Figure 10). One probable millet (Setaria) seed, ca. 3200–3800 cal. BP, was found at Uai Bobo 2 in East Timor (Glover, 1986).
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FIGURE 10. Distribution of major sites with rice and/or millets in Southern China and Southeast Asia, and related agriculture dispersal routes; (1) Gaopo, (2) Henglanshan, (3) Shapingzhan, (4) Guijiabao, (5) Haimenkou, (6) Shilinggang, (7) Baiyangcun, (8) Dadunzi, (9) Yubeidi, (10) Shifodong, (11) Heposuo, (12) Guangfentou, (13) Xueshan, (14) Gantuoyan, (15) Xiaojin, (16) Niucheng, (17) Guodishan, (18) Shanyawei, (19) Hulushan, (20) Nanshan, (21) Zhuangbianshan and Baitoushan, (22) Pingfengshan and Huangguashan, (23) Shixia, (24) Laoyuan, (25) Shixiongshan, (26) Gancaoling, (27) Shaha, (28) Zhiwuyuan (rice and foxtail millet) and Dalongdong (only rice), (29) Anhe, (30) Nanguanlidong and Youxianfang (rice and millets) and Nanguanli and Sanbaozhunan (only rice), (31) Chaolaiqiao, (32) Nagsabaran and Magapit, (33) Andarayan, (34) Gua Sireh, (35) Minanga Sipakko, (36) Cai Beo, (37) Samrong Sen, (38) Krek 52/62, (39) An Son, Loc Giang, (40) Rach Nui, (41) Non Nok Tha, (42) Khok Charoen, (43) Ban Non Wat, (44) Non Pa Wai, Non Mak La, and Nil Kham Haeng, (45) Khok Phanom Di and Nong Nor, and (46) Khao Sam Kaeo (Details of all sites and references are listed in Supplementary Table S4).


Similar conditions could be found in Mainland Southeast Asia. Residue analysis of stone tools from the Cai Beo site in the Ha Long Bay of coastal northeastern Vietnam revealed the arrival of rice in this region during the period of 4,500–4,000 cal. BP (Wang et al., 2022), and millet likely came simultaneously with rice. On the southern coast of Vietnam, rice spikelet bases dated to 4,100–3,200 cal. BP have been confirmed by micro-CT analysis of pottery sherds from Loc Giang and An Son (Barron et al., 2017). More importantly, direct dating of foxtail millet from the Non Pa Wai site indicated these crops had arrived on the south coast and nearby inland area of Thailand around 4,400–4,100 cal. BP (Weber et al., 2010). New evidence demonstrated that rice and millets likely dispersed into the coastal regions of Vietnam and Thailand around the same time (Figure 10, references in Supplementary Table S4), although more targeted work still will be needed to clarify details of the process of farming expansion.

Overall, archaeobotanical studies in recent years have suggested that rice and millets were staple crops for Neolithic populations in southern China, Taiwan, and Southeast Asia. This strategy has continued for thousands of years, as previously mentioned in several ethnographical records from the early twentieth century of Taiwan and Southeast Asia (Kano, 1946).




CONCLUSION

The dietary subsistence of Neolithic Taiwan is at the central place of debates about the primary motivation of ancient Austronesian migrations. This present study provides the first directly dated and the earliest evidence of Neolithic farming activities from northern Taiwan. The direct AMS radiocarbon dates of the crop remains in the early period now confidently can confirm to be at least 4,500 cal. BP for the cultivation of rice and foxtail millet at Zhiwuyuan in northern Taiwan. However, a more comprehensive examination of previous radiocarbon dates from related sites suggests that the emergence of agriculture on the island was most probably around 4,800–4,600 cal. BP.

The new findings significantly verify that rice and millet were cultivated together by early Austronesians in most parts of Taiwan ever since its early Neolithic phase. Within this overall pattern, localized differences in crop compositions and varieties still could be observed at specific sites and regions.

Moreover, the morphometric analysis suggested that rice cultivated in Zhiwuyuan, Dalongdong, and Anhe was a short-grained but plump type of japonica rice, similar to contemporaneous discoveries from the middle Yangtze valley and the mountainous region of southeast China. Our results from both the morphometric study and radiocarbon dates all corroborate the long-term chronological sequence and larger cross-regional picture of the ancient dispersals of farmers and their farming traditions and cultures, from the middle Yangtze valley via the southeast coast of mainland China, next to Taiwan, and then Island Southeast Asia.
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Broomcorn and foxtail millet were the most important crops in northern China during the Neolithic period. Although the significance of broomcorn millet in human subsistence exceeded that of foxtail millet during the early Neolithic, this pattern was reversed by the end of Neolithic period. However, the process underlying this shift remains unclear. The recent excavation of the Gedachuan (GDC) in Zhangjiachuan county has revealed an abundance of relics including millet crop remains from relatively continuous strata of the Yangshao and Qijia cultures, and therefore provides a unique opportunity to examine how and when foxtail millet replaced broomcorn millet as the dominant crop in the western Loess Plateau during the Neolithic period. In this study, we identify 1,738 and 2,686 broomcorn and foxtail millet remains, respectively, from 74 flotation samples, accounting for 38.81% and 59.98% of total plant remains, respectively. Compared with 23 direct dates of carbonized crop grains in GDC, we propose that the weight of foxtail millet in plant subsistence of GDC first exceeded that of broomcorn millet as early as ∼5,500 BP, filling an important gap in the archaeobotanical record from the western Loess Plateau. Further comparative analysis of multidisciplinary data suggests the shift in significance of these two millet crops during the late Neolithic may have been triggered by variations in human settlement intensity and climate change in the western Loess Plateau. The results of this study also suggest that the Banpo Phase of Yangshao Culture survived in the western Loess Plateau as late as ∼5,600 BP.
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archaeobotanical analysis, radiocarbon dating, Gedachuan site, millet, late Neolithic, subsistence strategy.


Introduction

Broomcorn and foxtail millet are among the oldest domesticated cereals in the world, first used in northern China around 10,000 BP (Zhao, 2011; Yang et al., 2012; Zhao et al., 2020). The cultivation of these two crops has been identified as one of the most important economic bases for the development of Neolithic cultures and emergence of ancient civilizations in northern China (e.g., Pearson and Underhill, 1987; Cao, 2006; Zhao, 2014; Han, 2021). However, recent evidence now suggests that the relative significance of broomcorn and foxtail millet in human subsistence changed throughout the Neolithic Age. Though broomcorn and foxtail millet were utilized in northern China during the pre-Yangshao period (∼10,000-6,000 BP) (e.g., Liu et al., 2012; Wang et al., 2017; Deng et al., 2020), hunting-gathering may have been the primary livelihood strategy in most areas during this period (Zhao, 2014; Dong et al., 2016a; Dong et al., 2022). Cultivation of millet crops became the most important subsistence strategy in the Loess Plateau during 7,000-6,000 BP (Zhao, 2014; Chen et al., 2016), and was widely expanded across the Yellow River valley during the late Neolithic period (Chen et al., 2015; Yang et al., 2021). Archaeobotanical evidence suggests that the significance of foxtail millet in plant subsistence was lower than broomcorn millet before ∼6,000 BP (Zhao, 2004; Wu et al., 2015; Dong et al., 2022), but became the dominant cultivated crop in northern China after 6,000 BP (Lee et al., 2007; Bao et al., 2018; Song et al., 2019; Yang et al., 2021; Dong et al., 2022). However, the precise timing and the context in which such a shift occurred are not yet fully understood due to the limited direct dates of millet remains between 7,000–5,000 BP.

The western Loess Plateau (WLP) has been identified as a key area for the development of rain-fed agriculture during the Neolithic Age (Cai, 2021). Remains of broomcorn millet have been recovered from the cultural layer of the Dadiwan Phase I (∼7,800-7,200 BP) (Liu et al., 2004; Li, 2018b), indicating that humans began utilizing millet crops in this area during the pre-Yangshao period. However, isotopic evidence indicates that millet crops did not contribute to human diets substantially before c. 5,900 BP, but had become the major staple after this time (Barton et al., 2009). Much archaeobotanical data in the WLP have been published in recent decades, mostly from the late Neolithic and Bronze Ages (e.g., Li et al., 2007; Jia et al., 2013; Chen et al., 2019; Chen et al., 2020). Current archaeobotanical evidence suggests foxtail and broomcorn millet were the primary and secondary crops, respectively, in the WLP between 5,000–4,000 BP. This differs from the earlier Dadiwan period (∼7,800-7,200 BP) when millet played a minor role in diets. The crop shift of millet farming probably occurred in the Miaodigou period of the Yangshao Culture (5,900-5,500 BP), largely based on archeological stratigraphy and typology (Qin, 2012). However, the chronological framework of the Yangshao Cultural system in the WLP is poorly understood due to the “old carbon effect” of radiocarbon dating for charcoals (Gavin, 2001; Yan, 2009; Dong et al., 2014). Therefore, direct radiocarbon dates of broomcorn millet and foxtail millet are lacking. The timing of the shift in crop dominance in the Neolithic WLP is enigmatic, largely due to the absence of archaeobotanical data from sites dated in 6,000-5,000 BP.

Nearly continuous stratum spanning the early, mid and late phases of Yangshao Culture (7,000-5,000 BP) and Qijia Culture (4,300-3,500 BP) have been uncovered from the excavation of the GDC site, providing a rare opportunity to explore the trajectory of plant subsistence in the WLP during the mid-late Neolithic period. Using identified plant remains, radiocarbon dating of crop remains unearthed from the GDC site, and their comparison to published data in the WLP, we aim to study the history of the transformation in cropping patterns, especially the shift in crop dominance from broomcorn millet to foxtail millet during the Yangshao and Qijia periods. Moreover, the chronology of the Banpo Phase in the WLP is vague due to the limited radiocarbon dates and “old carbon effect” of radiocarbon dating for charcoals. The GDC site is currently the largest Banpo Phase site in the WLP, and therefore, we also examined the chronology of the Banpo Phase of Yangshao Culture in this work.



Study area

The western Loess Plateau (WLP) is situated to the west of Liupan Mountain, East of Wushaoling, North of Qinling, and is mainly situated in the middle of Gansu province (Figures 1A,B). The main rivers flowing through this area include the upper reaches of the Yellow River and the Wei River. The WLP is characterized by undulating ridges and gullies, with an arid climate, sparse vegetation, serious soil erosion and harsh ecological conditions. However, this area is associated with the development of several Neolithic cultures, including the Daiwan Phase I culture, and the Yangshao and Qijia cultures (The institute of archaeology CASS, 1999; Gansu Provincial Institute of Cultural Relics and Archaeology, 2006; Hosner et al., 2016). The GDC site is another important Yangshao Culture site in Zhangjiachuan county, which is situated at the intersection of the Nan and Songshu rivers, both of which are third-order tributaries of the Wei River. The site is surrounded by typical loess beam and loess gully landforms of the WLP. The climate of Zhangjiachuan county is classified as continental winter dry (Chan et al., 2016) and the mean annual temperature is 8-10°C with mean annual precipitation of 500-650 mm.
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FIGURE 1
The distribution of survey and excavation sites in the WLP from 8,000 BP to 4,000 BP. (A) The distribution of survey and excavation sites in the WLP. (B) The distribution of Gedachuan site and its adjacent Zhuanglang county survey sites.


The GDC site was recently excavated in 2021, with an excavation area of about 27,000 m2,which preserved many rich cultural relics, including a complete Yangshao settlement. Neolithic relics include ash pits, houses, burials, kitchen pits, ditches, and kilns, and the relationship between the archeological strata is complex. According to the most recent excavations, the Neolithic settlement site stratums can be roughly divided into four periods: Banpo Phase of early Yangshao Culture, Miaodigou Phase of middle Yangshao Culture, late Yangshao Culture and Qijia Culture. Recently, the larger and well-preserved ring trench settlement in the Banpo Phase of Yangshao Culture was found (Figure 2A). This settlement included a residential area, burial area, and pottery kiln area, which is the same as the settlement of the Jiangzhai site (Peterson and Shelach, 2012). The unearthed artifacts classified as from the Banpo Phase mainly included pointy-bottom bottles, round bottom basins, round bottom bowls, tiny mouth tube belly tanks, gourd bottles, urn and jar covers (Figures 2B–D). In the middle-Yangshao Culture layer, remains from the Miaodigou Phase were damaged, of which a few individual houses and many ash pits were preserved and intact. The unearthed artifacts mainly included pointed bottom bottles, curved abdomen basins, bottom bowls, flat bottom bottles, urns and so on. Figure 2E shows the painted pottery basin of the Miaodigou Phase. The upper culture layer containing remains of the late Yangshao Culture and the Qijia Culture were mixed and seriously damaged by late human activities, of which only the house ground and some ash pits, kitchen pits, and ditches were preserved (Figures 2F,G).
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FIGURE 2
Excavation site of ring trench settlement and representative pottery of various cultural periods. (A) ring trench settlement. (B–D) pottery of the Banpo Phase of Yangshao Culture. (E) Painted pottery of the Maodigou Phase of Yangshao Culture. (F) Painted pottery of the Late Yangshao Culture. (G) Pottery of the Qijia Culture.




Material and methods

With the excavation of the GDC site, soil flotation samples were collected from cultural layers and relics units, such as houses, ash pits, kitchen pits, and ditches. Particular attention was paid to avoid disturbed contexts, specifically, samples were collected evenly for larger relic units like houses, which were sampled from different areas. Moreover, the volume of most soil samples was larger than 15 L, while the sampled volume of a few soil samples ranged from 3 L to 14 L (Supplementary Table 1). The collected soil samples were floated in a water-wave floatation machine. Here, the lighter remains, such as charcoal and charred plant seeds, floated upward and were gathered by an 80-mesh sifter (with a 0.2-mm aperture). The gathered material was subsequently wrapped in gauze and hung in a shady and cool area for desiccation. Next, the dried samples were sifted through 0.35, 0.7, 1.2, and 4 mm mesh sieves (Zhao, 2010). Finally, charred plant seeds were picked and identified in the Environment Archaeology Laboratory, Lanzhou University.

Carbonized crop seeds from the GDC site were pretreated with acid-base-acid washing processes and then graphitized using Auto Graphitization Equipment (AGE III), and finally were tested using a compact Accelerator Mass Spectrometer, Mini Carbon Dating System (MICADAS). These experiments were completed in the Radiocarbon Chronology Laboratory of Lanzhou University. Bayesian modeling of the 14C chronological data was performed using the built-in “Phase” function of the OxCal online program1 and IntCal20 curves (Reimer et al., 2020), using the “R_Date” function to enter the 14C dates. Each “Phase” included all 14C dates of a prehistoric culture, and each “Phase” function was bounded by the “Boundary” function. The start and end time of each prehistoric culture was constrained using this function, and the “Order” function was used to order the beginning and end of each prehistoric culture. Furthermore, the “outlier” function was used for each 14C chronological measurement (Long et al., 2017), to ensure that the model was reliable (Ramsey, 2009). The Bayesian model results were reported as a range of 95.4% and 68.3% and the median-to-median range was used to determine the chronological range of different prehistoric cultures (Long and Taylor, 2015; Yang et al., 2019).



Results


Archaeobotanical results

The plant remains unearthed from the GDC site are listed in Supplementary Table 1, which includes 74 flotation samples from three periods, namely the Banpo Phase of early Yangshao Culture, the Miaodigou Phase of middle Yangshao Culture and the Qijia Culture. Overall, 1,475.5 L of flotation soil were floated, and a total of 4,428 charred crop seeds and 20 weed seeds were identified. As for crop seeds, the assemblage was composed of 2,686 foxtail millet (Setaria italica), 1,738 broomcorn millet (Panicum miliaceum), 2 rice (Oryza sativa) and 2 wheat (Triticum aestivum) seeds (Figure 3). A small number of weed seeds (20, representing 0.45% of the plant assemblage) were also recovered at the GDC site, including Oat (Avena sativa), Green foxtail (Setaria viridis), Milkvetch Root (Astragalus adsurgens), Daghestan Sweetclover (Melilotus suaveolens), Threehorned Badstraw (Galium tricorne), and Garden Sorrel (Rumex acetosa).
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FIGURE 3
Photographs of charred crop remains unearthed from different periods at the Gedachuan site. (A–C) Banpo Phase. (D–F) Miaodigou Phase. (G–I) Qijia Culture. (A,B,D,E,G) Broomcorn millet. (C,F,H,I) Foxtail millet. (Scalebar: 1 mm).


During the Banpo Phase, 138 foxtail millet seeds (13.28% of the plant assemblage), 895 broomcorn millet seeds (86.14% of the plant assemblage) and 2 wheat seeds (0.19% of the plant assemblage) were identified from 28 samples (574 L of soil in total). During the Miaodigou Phase, 115 foxtail millet seeds (23.23% of the plant assemblage) and 373 broomcorn millet seeds (75.35% of the plant assemblage) were identified from 32 samples (624.5 L of soil in total). Here, only one rice seed was identified. During the period of the Qijia Culture, 2,433 foxtail millet seeds (83.49% of the plant assemblage) and 470 broomcorn millet seeds (16.13% of the plant assemblage) were identified from 14 samples (277 L of soil in total). As in the Miaodigou period, only one rice seed was identified during the period of the Qijia Culture. The ratio of the number of identified foxtail and broomcorn millet seeds increased from 0.15 (Banpo Phase) and 0.31 (Miaodigou Phase) to 5.18 (Qijia Culture), indicating an increasing trend of foxtail millet cultivation importance in subsistence agriculture over time. In addition, a few weed seeds were identified in the Banpo, Miaodigou and Qijia Culture periods, accounting for 0.38%, 1.21% and 0.34% of the identified plant seeds, respectively.



Radiocarbon dates

The 23 new 14C dates of charred seeds and charcoal with 95.4% age range are displayed in Table 1. According to the dating results, the site was divided into three periods. During the Banpo Phase, the dates of ten broomcorn millet seeds and one charcoal sample ranged from 5,997 to 5,581 cal yr BP. In the Miaodigou Phase, the dates of four broomcorn millet seeds and one foxtail millet seed ranged from 5,712 to 5,477 cal yr BP. In the period of the Qijia Culture, the dates of six foxtail millet seeds and one broomcorn millet seed ranged from 4,226 to 3,900 cal yr BP. The results from the Bayesian model are given for the Banpo Phase (5,970 BP∼5,570 BP), Miaodigou Phase (5,582 BP∼5,579 BP) and Qijia Culture (4,090 BP∼4,000 BP) (Figure 4).


TABLE 1    Calibrated radiocarbon dates of charred crop grains from the excavation of the Gedachuan site.
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FIGURE 4
The chronology of different prehistoric cultures based on the Bayesian model at the Gedachuan site.





Discussion

According to the archaeobotanical evidence identified from the GDC site (Figure 5 and Supplementary Table 1), the significance of foxtail millet as a subsistence crop gradually increased from the Banpo to the Qijia period, though broomcorn millet remained the most important cereal crop during the Banpo and Miaodigou phases. The proportional contribution of foxtail millet in a given assemblage evidently exceeded that of broomcorn millet following the late Yangshao period (∼5,500 BP) (Figure 5), which is consistent with previously published archaeobotanical data from other Neolithic sites in the WLP (e.g., Li, 2018b; Chen et al., 2019; Chen et al., 2020, Figures 6E,F).
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FIGURE 5
Proportion of crop remains from different periods at the Gedachuan site (in red) and the Zhuanglang survey sites (in black). Black font represents the survey sites with identified crop remains data from Li (2018). n represents the number of identified crop remains.
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FIGURE 6
Comparison of human activity intensity, climate change and millet ratio in the WLP from 9,000–4,000 BP. (A) δ13C record of a single plant in Hongyuan peat bog (Hong et al., 2003). (B) Northern Hemisphere (30°∼90°N) temperature record (Marcott et al., 2013). (C) Reconstructed precipitation based on fossil pollen at Tianchi Lake (Zhao et al., 2010). (D) Stalagmite δ18O record at Wuya Cave (Tan et al., 2020). (E) Proportions of broomcorn millet and foxtail millet in the WLP between 9,000–4,000 BP at different periods. (F) Absolute number proportions of foxtail millet to broomcorn millet identified from sites dated between 9,000–4,000 BP in the WLP. (G) The Summed Probability Distribution (SPD) of averaged dates of bins (The line chart) and the dated site number (The column chart) in the WLP.


The utilization of broomcorn millet in the nearby Dadiwan site can be traced back to the 8th millennium BP (Liu et al., 2004; Li, 2018b), while no evidence of foxtail millet during that period has been reported, which supports the superiority of broomcorn millet over foxtail millet during the pre-Yangshao period in the WLP. Similarly, this pattern has also been detected in the contemporaneous mid-lower reaches of the Yellow River, with the size of some broomcorn millets continuing to increase (Lu et al., 2009; Wu et al., 2015; Wang et al., 2017; Liu et al., 2018; Stevens et al., 2021), as well as in eastern Inner Mongolia (Zhao, 2004). Intensification of millet cultivation occurred in the Central Plains of northern China during the 7th millennium BP (Zhao, 2014; Dong et al., 2016a; Dong et al., 2022), and the significance of foxtail millet in subsistence agriculture likely exceeded broomcorn millet in this area. However, the importance of broomcorn millet was still higher than foxtail millet in the WLP during the 7th millennium BP (Figures 6E,F), which is likely driven by the differences in the two taxa’s physiological responses to varying environments. Specifically, broomcorn millet is hardier than foxtail millet, in terms of drought-, frost- and barren tolerance (Editorial Department of Chinese Agricultural Encyclopedia, 1991; Li, 2018a; Dong et al., 2022), while foxtail millet is more high-yielding than broomcorn millet (Yang and Yu, 1992). The hydrothermal conditions of the WLP are much worse than those of Central Plains, which are more suitable to the cultivation of broomcorn millet in foothills close to rivers (Liu et al., 2009). Only a few sites in the WLP have been dated between 7,000-6,000 BP (Figure 6G), suggesting that human survival pressure was probably low in the area, considering the relatively low human settlement intensity and warm-wet climate during that period (Figures 6A–D).

The proportion of foxtail millet in cereal count overtook that of broomcorn millet in the GDC site after ∼5,500 BP based on the direct dates of the millet remains in the GDC site (Figure 5 and Table 1). This pattern contrasts previous archaeobotanical evidence from investigated sites in adjacent Zhuanglang county. During ∼6,000-5,400 BP, the abundance of broomcorn millet in flotation assemblages overshadowed foxtail millet at Tiannjiaping in Zhuanglang, for example. However, at other Zhuanglang county sites such as Zhangjiayuan and Yuejiawan, foxtail millet was more important. In 1 of 28 Banpo Phase (5,970 BP∼5,570 BP) samples and 1 of 32 Miaodigou Phase (5,582 BP∼5,579 BP) samples of the GDC site, the number of charred foxtail millet grains also exceeded those of broomcorn millet (Supplementary Table 1), while the total proportion of broomcorn millet remains far exceeded foxtail millet in these two phases (Figure 5). The disagreement in results of the archaeobotanical analysis at the GDC site and those of surveyed sites in Zhuanglang county dated between ∼6,000-5,400 BP are likely related to occasionality associated with small sample sizes in Zhuanglang county.

The percentage of foxtail millet in plant remains in the GDC site was clearly higher than broomcorn millet after ∼5,500 BP (Figure 5), indicating that foxtail millet was the most important subsistence crop in the WLP during the late Yangshao and Qijia periods. Similar trends have been previously observed in other WLP areas including Zhuanglang (Li, 2018b), Gangu (Chen et al., 2020), and Dingxi (Jia et al., 2013). Compared with the period of ∼6,000-5,500 BP, human settlement intensity in the WLP evidently increased during the period of ∼5,500-4,900 BP (Figure 6G), while temperature and precipitation obviously declined following ∼5,500 BP (Hong et al., 2003; Zhao et al., 2010; Marcott et al., 2013; Tan et al., 2020; Figures 6A–D). This may suggest that the adoption of higher-yielding foxtail millet over broomcorn in a context of a growing population and needing for agricultural intensification facing increasingly stressful environments (Liu and Reid, 2020). In general, foxtail millet yield is much higher than broomcorn millet yield. The average crop yields in China report that broomcorn millet yield is only 750-1,500 kg/ha, while foxtail millet yield is as high as 2,250-3,750 kg/ha (Chai and Feng, 2003). Especially in the Loess Plateau, foxtail millet yield is almost twice as high as broomcorn millet yield. At a broader geographic level, foxtail millet had become a dominant crop over taking broomcorn millet in other parts of north China after 6,000 BP (Lee et al., 2007; Bao et al., 2018; Song et al., 2019; Yang et al., 2021).

Besides changes in the environment and survival pressure, the assemblage formation process might influence cropping patterns. For instance, grain ubiquity could be driven by crop processing with variations in post-harvest labor or the scale of processing could influence crop percentages (e.g., Stevens, 2003; Van der Veen and Jones, 2006). However, as these effects were not directly investigated here, future work is required to determine the influence of crop processing on cropping patterns.

The 11 radiocarbon dates of millet remains from the Banpo cultural layers in the GDC site ranged from 5,997 to 5,581 BP (Table 1), which is a few hundred years later than previously estimated (Banpo: 7,000-5,900 BP) (Dai, 1998; Gansu Provincial Institute of Cultural Relics and Archaeology, 2006; Zhang et al., 2013). With the application of the Bayesian model, the chronology of the Banpo samples in the GDC site was refined to ∼5,970-5,570 BP. As typical Banpo style ceramics, featuring double-gourd vase, pointed bottom bottle and red pottery bowl have been unearthed from the associated stratigraphic units, we considered the cultural association with the Banpo Phase was reliable (Figures 2B–D). The new radiocarbon results reported here shed insights into the variation of the Banpo chronology in WLP, notwithstanding of the potential “old wood” effect resulting from charcoal dates. (Gavin, 2001; Yan, 2009; Dong et al., 2014). Similarly, the difference of chronologies of the Neolithic and Bronze Age estimated between short-lived crop remains, bones and other various materials has also been reported in the Hexi Corridor (Yang et al., 2019), Qaidam basin (Dong et al., 2016b) and Haidai region (Long et al., 2017).



Conclusion

The new archaeobotanical and radiocarbon dating data presented in this study suggest that the shift in crop dominance from broomcorn millet to foxtail millet in the WLP occurred following ∼5,500 BP, with broomcorn millet becoming the primary subsistence crop during the period of ∼6,000-5,500 BP, and foxtail millet becoming the most important crop in the subsequent period of ∼5,500-4,000 BP. The relative importance of foxtail millet to broomcorn millet increased in a stepwise fashion in the WLP from the Banpo, MiaoDigou, late Yangshao phases into the period of Qijia Culture, which was likely triggered by the aggravation of human survival pressure in relation to human settlement intensity and climate change. Based on the analysis of new radiocarbon dates of millet remains from the Banpo cultural layers at the GDC site, we estimate the chronology of the Banpo Phase of Yangshao Culture in the WLP to ∼6,000-5,600 BP, although additional investigation is required in the future.
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The Wanfunao site was a large Chu settlement in Zhou Dynasty. It was located on an alluvial plain along the Yangtze River in the Yichang section. The region around the site comprised mountains, hills, and plains, which was a compatible environment for the cultivation of various crops. Previous studies have suggested that the middle and lower reaches of the Yangtze River are one of the most productive regions for rice cultivation. Besides rice, however, seven dryland crops have been found at the Wanfunao site: foxtail millet, broomcorn millet, wheat, barley, oat, buckwheat, and adzuki bean. Among them, foxtail millet and rice are most ubiquitous. The crop assemblage has revealed that the northern dryland crops, including those were newly adapted cereals such as foxtail millet, wheat, and barley, gradually dispersed southward and became a part of the diet along with rice. This can be attributed to southern Chinese inhabitants’ reclamation of the hilly environment for agriculture. Although communities in southern China had cultivated rice on the plains for thousands of years, newly introduced dryland crops from north China adapted to mountainous environments better. The development of multi-cropping systems in southern China likely involved changes in agricultural ontology associated with the adaptation of northern crops in southern environments newly encountered. Additionally, the assemblage of foxtail millet grain/rice spikelet base in the site may have been used for livestock feeding. A wide range of landforms, compatible farming, and surplus agricultural products for husbandry may have been a part of the economic foundation that facilitated the rise of Chu.
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Introduction

Chu, a name of great significance in Chinese history, refers to not only a state but also a region. It was one of the Five Hegemonies and Seven Powers during the Eastern Zhou Dynasty and played a significant role in the long history of China. Today, Hubei Province residents in the middle reaches of the Yangtze River occupy the core area of Chu and still consider themselves Chu’s descendants (CENTRAL Hubei–School History Compilation Group of Jingzhou Revolutionary Cadre School, 1993). The Jianghan Plain is located around this area. During the Neolithic period, the Pengtoushan culture (7000–6000 BC), the Chengbeixi culture (6500–5000 BC), the Tangjiagang culture (4800–4300 BC), the Daxi culture (4500–3300 BC), the Youziling culture (4000–3100 BC), the Qujialing culture (3400–2500 BC), the Shijiahe culture (2500–2000 BC), and the Post-Shijiahe culture (2200–1800 BC) existed in chronological order. These cultures were followed by the Shang culture, the Zhou culture, and the Chu culture in the Bronze Age (Han, 2016). The Chu culture has come to be widely studied with archaeological works gradually being carried out on Mopanshan site (Lu, 1984), Jijiahu site (Yang, 1980), Zhaojiahu site (Hubei Yichang Museum and the Department of Archaeology of Peking University, 1992), and others (Figure 1).
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FIGURE 1
Geographic distribution of the sites of early Chu culture and other related sites studied by archeobotany. (1) Chenyuan, (2) Zijing, Donglongshan, (3) Gongjiawan, (4) Guofenglou, (5) Gouwan, (6) Xiazhai, (7) Shenmingpudong, (8) Shangang, (9) Shuanghezhen, (10) Xiawanggang, (11) Xiajiao, (12) Qinglongquan, Dasi, (13) Qujiawan, (14) Liaowadianzi, (15) Zhongtaizi, (16) Dadongwan, (17) Zhujiatai, (18) Baligang, (19) Sunjiaping, (20) Jijiawan, (21) Xiaojialing, (22) Zhenwushan, (23) Maogoudong, (24) Huanggang, Xiajiangjiabianzi, (25) Guojiagang, (26) Mulintou, (27) Lujiahe, (28) Liuhe, (29) Jizibao, Zhoujiabang, (30) Miaotaizi, Zhoujiazhai, (31) Guanzhuangping, (32) Miaoping, (33) Huangtubao, Tanjiatuo, Xiaoxikou, Shangmonao, (34) Jijiahu, (35) Yangmugang, (36) Fengshan, (37) Fujiayao, Mopanshan, Zhaojiahu, (38) Hejiawa, (39) Meihuaiqiao, (40) Motianling, (41) Zhangjiashan, (42) Yangcha, (43) Zhouliangyuqiao, (44) Boyushan, (45) Jingnansi, (46) Zoumaling, (47) Qujialing, (48) Sanfangwan, Tanjialing, (49) Zhengjiadamiao, Yejiamiao, (50) Chenghuangdun, (51) Lutaishan, (52) Jinluojia, (53) Lishangang, (54) Xianglushan, (55) Chengzishan, (56) Xiezidi, (57) Heshangnao, and (58) Maojiazui.


The middle reaches of the Yangtze River are a transitional zone between northern and southern China. As early as the initial Western Zhou period, Yi Xiong, Chu’s ancestor who resided in northern China acquired the land around the middle Yangtze River under the enfeoffment system by the King Cheng of Zhou (Sima, 1959). For a long time, Yi Xiong and his successors cohabited the region with the aborigines, and a unique Chu culture gradually evolved (Liu and Yin, 2010). The prosperity of the middle Yangtze River began from the late Neolithic period when the indigenous Qujialing and Shijiahe people flourished (Zhang and Yin, 2011). During that time, extensive interactions had occurred between the middle reaches of the Yangtze River and the middle reaches of the Yellow River (Han, 2020). For example, the typical oblique-belly cup of the Qujialing and the Shijiahe cultures appeared in the Central Plains, Loess Plateau, and other regions (Han, 2002). The emergence of the Post-Shijiahe culture was involved in the invasion of the northern people in the Yellow River Basin, which was a group from the third period of Wangwan culture (Jin, 2010). Therefore, Chu’s agriculture was marked by the dual traits of northern and southern Chinese agriculture, comprising various crops and sophisticated planting patterns.

According to the archaeobotanical research carried out over the past two decades, the middle Yangtze River was one of the most important areas for paddy agriculture (Fuller, 2011; Zhao, 2014, 2018, 2019). However, little is known concerning the subsistence and dietary conditions of the commoners of Chu due to the space of the archaeobotanical and relevant specialist work. Much of the current knowledge is derived from later textual records such as Chu Ci, which is biased toward the lifeways of the aristocracy (Chang, 1979).

By analyzing the flotation results from the Wanfunao site (Figure 1), which is an early Chu culture site, the plant resources of the Chu people, especially crop resources, can be studied. The landform around the Wanfunao site was distinctly different from the adjacent Jianghan Plain in the east. The site is situated on a narrow alluvial plain of the Yangtze surrounded by low mountains while Jianghan Plain is much more open, flat, and with numerous lakes. In other words, the Wangfunao site was hillier than the east plain. Undoubtedly, it is worthwhile to investigate whether northern agricultural production was practiced in Chu, where rice cultivation has long been developed since the Neolithic (Zhao, 2014).

Previous archaeobotanical research in Hubei has largely focused on the eastern Jianghan Plain (Figure 1; Wu et al., 2010; Ng, 2011; Wang et al., 2011; Deng and Gao, 2012; Deng et al., 2013; Tang et al., 2014, 2016, 2017, 2019, 2020, 2021, 2022; Qin et al., 2017; Tian et al., 2019; Yang et al., 2020). The flotation results of the sites from the eastern region, such as Yejiamiao, Chengzishan, Qujialing, and Xiezidi, revealed that besides rice, which was a kind of stable crop, foxtail millet had been present in this area since the late Neolithic period, and by the Western Zhou Dynasty, it had gained significant importance (Wu et al., 2010; Deng et al., 2013; Tang, 2014; Tang et al., 2014, 2017; Yao et al., 2019). It is worth noting that at the Yejiamiao site, foxtail millet and rice spikelet base appeared in the same contexts or archaeological features (Wu et al., 2010).

Therefore, this study addresses a new case of archaeobotanical research in the western margin of the Jianghan Plain and compensates for the lack of archaeobotanical research in the historical period of China.



The background of the Wanfunao site


The natural environment of the site

The Wanfunao site (30°25′24.5′′N, 111°26′50.9′′E) is located in Baiyang Industrial Park, Yichang City, in the Hubei Province (Figures 2, 3A). The excavation area is close to the Yangtze River, with an area of about 56 ha, 67 km away from the Chu capital of Ying (郢) (Ji’nancheng 纪南城) at Jingzhou City (Figure 1 and Supplementary Figure 1; Wang et al., 2016). The Yangtze River in the Yichang section flows north to south, creating a narrow alluvial plain. There is a transition zone between the western Hubei mountainous region and the Jianghan plain. From west to east, there is a great disparity in terrain and altitude (35–2427 m.a.s.l.), as the region comprises mountains, hills, and plains (Hubei Provincial-Local Annals Compilation Committee, 1997). Summers are extremely moist due to the humid subtropical monsoon climate (Hubei Provincial-Local Annals Compilation Committee, 1997). Nowadays, cattle and sheep can be raised in the grasslands above 800 m.a.s.l., wheat and maize can be grown in the highlands, and rice is usually grown in the lowlands or plains (Hubei Provincial-Local Annals Compilation Committee, 1997).
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FIGURE 2
Regional landforms around Wanfunao site.
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FIGURE 3
(A) The location of Wanfunao site and other surrounding sites in Baiyang Industrial Park. (B) Distribution of ruins and bronzes unearthed from Wanfunao. (1) bronze axe (Y1①:1), (2) bronze sword (G2②:1), (3) bronze tripod (TN03E20:13), (4) bronze bell (TN03E20:1), and (5) inscription of bronze bell (TN03E20:1).




The excavation of the site

The Wanfunao site drew considerable scholarly attention in 2012 when 12 bronze bells and one bronze tripod were discovered during municipal construction (Supplementary Figure 2). The bells are believed to have belonged to Chu’s nobles owing to the inscription on the framed panel (Zheng/钲) carving “Chu Ji’s precious bell, the grandson cast the bronze bell to bless his grandfather” (楚季宝钟厥孙乃献于公公其万年受厥福) (Figure 3B; Huang and Zhao, 2016; Da, 2019). Based on typological analysis and textual research, ancient literal scholars Xueqin Li et al. believed that the bells belonged to the early period of the middle Western Zhou period to the late Western Zhou period (Huang and Zhao, 2016).

In 2013, a team of archaeologists from the Hubei Provincial Institute of Cultural Relics and Archaeology, the Department of Archaeology of Wuhan University, and the Yichang Museum has conducted preliminary field investigations at the Wanfunao site and its surrounding areas. Their investigations have confirmed the Wanfunao site and several ambient Zhou Dynasty sites such as Guixihu, Zhongshawan, and Yangjiazui (Figure 3A; Wang et al., 2015).

From 2015 to 2017, this team excavated the site scientifically and systematically (Supplementary Figures 3, 4). They arranged the trenches around the place where the bronzes were first found (Figure 3B). The excavation area was 0.25 ha, with ruins including ash pits, ash ditches, and pottery kilns. Further, they unearthed relics, such as stoneware, pottery, faience beads, a bronze sword with “double-dragon-heads,” and a bronze axe (Figure 3B and Supplementary Figure 5; Wang et al., 2016). Based on their work, they considered the site to be a large early Chu culture settlement (Wang et al., 2016).
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FIGURE 4
Images of Wanfunao plant remains unearthed in part. (1) Oryza sativa, (2) Triticum aestivum, (3) Hordeum vulgare, (4) Vigna angularis, (5) Avena sativa, (6) Panicum miliaceum, (7) Fagopyrum esculentum, (8) foxtail millet lump, (9) Armeniaca mume, (10) rice spikelet base, (11) Setaria italica, (12) Melilotus sp., (13) Lespedeza sp., (14) Galium sp., and (15) Panicum bisulcatum.


Ma et al. (2019) determined that the Wanfunao site likely existed from the late Zhou Dynasty to the middle Spring and Autumn period (983–775 cal. BC), based on the 14C dating results (Supplementary Table 1). This date spans approximately two hundred years.




Materials and methods

To acquire accurate information on the distribution of plant remains as well as the people’s utilization of plants, soil samples were collected from ruins and strata from 2015 to 2017 (Zhao, 2010). In particular, 6,438 liters of soil out of 629 samples were collected. Finally, 89 merged soil samples are presented in Table 1 by placing the same samples into a group.


TABLE 1    Merged samples at the Wanfunao site from 2015 to 2017.
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Flotation work was carried out by using two measuring buckets (10 L) fitted with two sifters (0.2- and 3.35-mm mesh) to collect carbonized plant remains and separate heavy fractions from light fractions (Zhao, 2010; Pearsall, 2015). Next, the floats were wrapped in a cotton cloth bag, labeled, and left to dry in the shade.

This study focused on the ancient plant seeds and fruit remnants from the light fractions. The Archaeobotanical Laboratory of the School of Cultural Heritage of Northwest University (Xi’an) was responsible for the identification and analysis of all samples. The stereo microscope (Nikon SMZ25) was used for observation, photography, and measurement.



Results

In all, 34,494 carbonized plant remains were found, including crop remains and non-crop remains. Among the crop remains and non-crop remains, there were 34,270 crop grains comprising 99.35% (Table 2, Figure 4, and Supplementary Table 2). Further, among crop remains, foxtail millet (Setaria italica) was the most abundant crop with the highest ubiquity recording at 95.51%. This was followed by rice (Oryza sativa), accounting for 24.72% ubiquity (Figure 5). Only 58 grains of other kinds of crops were found, such as common millet (Panicum miliaceum), bread wheat (Triticum aestivum), barley (Hordeum vulgare), oat (Avena sativa), buckwheat (Fagopyrum esculentum), and adzuki bean (Vigna angularis). These crops were diverse in species but low in quantity. Additionally, 5,141 rice spikelet bases accounting for 57.30% ubiquity, 763 foxtail millet lumps and one bread wheat rachilla were found (Figure 5). Table 2 provides the measurements of the intact crop grains.


TABLE 2    The quantity and measurement for crops at Wanfunao.
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FIGURE 5
Ubiquity of crop remains at Wanfunao.


A total of 224 wild seeds and seed fragments were identified from Wanfunao. These can be grouped into 24 categories, representing 18 plant families, such as Poaceae, Fabaceae, Lamiaceae, Polygonaceae, Cyperaceae, Chenopodiaceae, Potamogetonaceae, Trapaceae, Adoxaceae, Verbenaceae, Rubiaceae, Scrophulariaceae, Valerianaceae, Alangiaceae, Anacardiaceae, Rutaceae, Vitaceae, and Rosaceae (Figure 4, Table 3, and Supplementary Tables 3, 4). The taxonomic level of identification varied depending on the quality of the specimen, the amount of morphological distinguishability among species in a genus, and the availability of comparative specimens for all species of that genus/family. The wild plant remains accounted for only 0.65% of carbonized plant remains. In this study, only Fabaceae, which comprised most of the remains, was considered for analysis.


TABLE 3    The quantity and measurement for non-crops at Wanfunao.
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Discussion


Agricultural economic characteristics of the early Chu people at Wanfunao

As shown in Figure 5, the crop assemblage was composed of indigenous Chinese crops, such as foxtail millet, broomcorn millet, rice, and buckwheat, and extraneous crops from Southwestern Asia, such as wheat and barley. Except for rice, all other crops were dryland crops. These crops were commonly grown in northern China. Both foxtail millet and rice were the critical grain from crop remains; foxtail millet was more ubiquitous than rice. Other crops, such as wheat, barley, oat, buckwheat, and adzuki bean, had less than 10% ubiquity.

However, it must be noted that rice spikelet bases have been found together with a large amount of foxtail millet grains, suggesting the possibility that they were garbage discarded by people. Dryland wild seeds, which accounted for 93.58% from the flotation, also indicate a drought floristic habitat around the site (Figure 6). Therefore, the northern dryland crops, especially foxtail millet, must have been cultivated at the site. In other words, the Wangfunao people practiced mixed farming consisting of both rice planting and dryland crop planting.
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FIGURE 6
Pie chart recording the proportion of wild arid plant seeds and wild aquatic plant seeds at Wanfunao.




Adaptation to the compatible environment for multi-cropping at Wanfunao

The introduction of northern species at Wanfunao came with several seasonality challenges, for example, low water requirement versus high water requirement, long-day versus short-day. In this regard, three aspects, environmental advantages, plant adaptation, and human wisdom, influenced multi-cropping at Wanfunao.

Matched conditions for rice cultivation can be found in the Middle Yangtze River, where rice originated. The climate of Yichang City is influenced by the East Asian monsoon, which results in a hot season synchronized with the rainy phase, with over 800 mm of rainfall (Yichang Local Annals Compilation Committee, 2012; Supplementary Figure 6). The boundary between rice and dryland crops is 800 mm isohyet. Moreover, paddy fields in Yichang are distributed on the alluvial plains with a strong water holding capacity.

The watery environment was unsuitable for dryland crops, although the heat, temperature, and soil favored their growth (Encyclopedia of Chinese Agriculture Compilation Committee, 1991; Guan, 2011). Therefore, how and where the dryland crops grew at Wanfunao are the critical questions.

Nowadays, dryland crops in Yichang, such as wheat, maize, sweet potato (Ipomoea batatas), and potato, are more widely cultivated in the highlands. In this region, the transition zone between the upper and middle steps of the Chinese topography is a compatible environment for crop cultivation. The landform is characterized by plains, hills, and mountains (Figure 2). The alluvial plain along the Yangtze River is small, accounting for only 10.67%, whereas the arable area accounts for 137,300 ha, including 45.09% dryland. Meanwhile, the western and eastern regions by the side of the alluvial plain are mainly hills and mountains and account for 89.33%, whereas the arable area of hills and mountains accounts for 143,800 ha, including 83% dryland (Yichang Local Annals Compilation Committee, 2012). Such vast gradient landforms have several advantages such as well-draining capability and a climate that is cool enough to support moist-intolerant dryland crops, including millets and buckwheat (Zhou et al., 2018; Tang et al., 2019).

However, the millet planting area is limited in China due to the transformation of the structure of agricultural production, including in Yichang, over the past decades, but common wheat has always been an important crop. In the Yangtze River Basin, people may have begun wheat cultivation in paddy fields around Tang and Song dynasties (Guo, 1994). Before 1950, dryland wheat was more common because of the limitation of winter planting in Hubei Province and because paddy-field wheat cultivation was unacceptable to the residents (Hubei Provincial-Local Annals Compilation Committee, 1997). In recent years, the wheat planting area in paddy fields has seen an increase due to advances in agricultural technology. Until 1984, this area was almost equal to that of hills and mountains, covering 45,600 ha (Yichang Local Annals Compilation Committee, 2012). Thus, in the Zhou Dynasty, given the low level of agricultural technology and the limited arable area in the plains, dryland crop planting may have been carried out in the hills and mountains where the reclaimed drylands were popular.

Moreover, Yichang has a shorter daytime than the northern area during the spring equinox and autumn equinox. Wheat, barley, and oat are long-day crops, while others are short-day crops (Encyclopedia of Chinese Agriculture Compilation Committee, 1991; Guan, 2011). Based on the local phenological data in Yichang, winter wheat cultivation is overwhelming among wheat species (Table 4). Chinese historians consider the earliest wheat remains from the archaeological sites in China as winter wheat, hexaploidy, from Southwestern Asia (Han, 2013; Du, 2020), where the wheat is sensitive to photoperiod and vernalization (Ferrara et al., 1998). Following a long period of adaptation, mostly modern southern Triticeae crops have become winter species to that are insensitive to photoperiod and vernalization as the latitude decreases. Generally, following vernalization is a warmer climate with scarce freeze and frost in spring; southern wheat is insensitive to photoperiod and can succeed in earing up and flowering under the short-day situation (Jin, 1961). By Zhou Dynasty, wheat had been introduced to China for over a thousand years, and humans had sufficient knowledge of winter wheat cultivation. Owing to the stronger adaptability of hexaploidy wheat, novel wheat cultivars might have better matched the photoperiodic differences between the north and the south in Zhou Dynasty. Archaeologists anticipate the genetic analysis of wheat remains, although such an analysis is sufficiently difficult in the normal sedimentary context.


TABLE 4    Contemporary phenological phase of staple crops in Yidu county-level city, Yichang city, Hubei Province.
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The situation in ancient times should have been similar to what it is today. Multi-crop assemblage unearthed in Wanfunao suggests that the ancestors had a profound knowledge of the requirements of different types of crops, including knowledge related to the landform, temperature, light, water, and soil. It was reasonable for the early Chu people residing in the Wanfunao site to utilize paddy fields for rice planting and reclaim gradient hills and mountains for various dryland crops. The pattern, referred to as the mountains-hills-plains subsistence system, should be a mode that have been integrated with the terrain differences between eastern and western China, and bridged the climatic divergence between southern and northern China. In this compatible environment, the Chu people reclaimed different types of lands to ensure sufficient agricultural production. This situation is similar to that of the hilly area of the northwestern margin of the Jianghan Plain, especially the cases from the sites in Gouwan, Qinglongquan, Dasi, Mulintou, and Jijiawan. The flotation results of these sites have revealed that prehistoric southerners who settled in the hilly or mountainous environment may have performed multi-crop farming, relying on both rice cultivation and millet cultivation, especially within the high ubiquity of millets (Ng, 2011; Wang et al., 2011; Tang et al., 2016, 2019; Tian et al., 2019). Thus, with the southward spread of dryland crops as well as the adaptation of these crops to the southern environment, multi-cropping gradually increased at Wanfunao in southern China.

Besides crop remains, a few plum stones (Armeniaca mume) and grape seeds (Vitis sp.) have also been found, indicating that the Wanfunao ancestors grew fruits in the hilly regions. Similar activities were performed in other early Chu culture sites located in the valley surrounded by hills and mountains (Figure 1). In other words, their subsistence was dependent on animal and plant resources available in the compatible environment (Da and Li, 2012).



Multi–cropping prevalence in southern China

Dryland crops such as foxtail millet had been utilized since the late Neolithic period (∼5000 cal. BP) in South China, e.g., the Qujialing site, where rice farming was common. AMS radiocarbon dating indicates that the foxtail millet at Qujialing is China’s earliest known, securely dated foxtail millet [5584–5449 cal. BP (75.3%)] (Yao et al., 2019). Ancient millets have been found in the prehistoric sites of southern China, i.e., Zhongba site, Chongqing (4500–3750 cal. BP) (Zhao and Flad, 2013), Nanshan site, Fujian (5300–4400 cal. a BP) (Yang et al., 2018), Pingfengshan and Huangguashan sites, Fujian (4300–3500 cal. BP) (Deng et al., 2018), Hulushan site, Fujian (4000–3500 cal. BP) (Fu et al., 2016), and Nanguanlidong site, Taiwan (4800–4200 cal. BP) (Tsang et al., 2017). This suggests that ancient southern Chinese residents performed efficient and practical activities to plant dryland crops by taking advantage of the mountains and hills. To understand the development of crop varieties and the maturity of the multi-crop agriculture system from the late Neolithic period to the Zhou Dynasty, spanning approximately 2,000 years, further information is required. This study revealed that the multi-crop farming system had been carried out in southern Chinese settlements, including Wanfunao, by early Western Zhou.

According to available statistics, paleoethnobotanical research has been conducted in approximately 22 Zhou Dynasty sites in southern China. Besides rice, other crops, such as foxtail millet, broomcorn millet, wheat, barley, soybean, and buckwheat, were all found by floatation (Figures 7A,B). Figure 7A depicts the dominance of rice/millet in the crop assemblage. It is evident from Figure 7B that the sites with rice proportions exceeding 50% were primarily found in the lower reaches of the Yangtze River and the Ancient Dian Kingdom in Yunnan Province. Consequently, the multi-crop farming system existed in the southern Yangtze River valley as well as in northern China, where Zhou’s capital was located. A mosaic of mountains, hills, and plains characterized the topography of southern China, which supported the various ways in which ancient people engaged in agriculture. Ancient inhabitants of the Zhou Dynasty were accustomed to different crop cultivation and adapted their production to the local circumstance depending on their compatible environment.
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FIGURE 7
Crop assemblage and proportion of Zhou Dynasty in the south of Yangtze River. (A) Crop assemblage; (B) carbonized crop proportion. (1) Shilinggang, (2) Gaopo, (3) Shapingzhan, (4) Yubeidi, (5) Heposuo, (6) Xueshan, (7) Guangfentou, (8) Boluocun, (9) Jinsha (a) Jinniu district No. 5, (b) Sacrificial area, and (c) Yangguangerqididai, (10) Sanguantang, (11) Handongcheng, (12) Zhengjiaba, (13) Jijiawan, (14) Qujialing, (15) Miaotaizi, (16) Chengzishan, (17) Xiezidi, (18) Niucheng, (19) Dingjiacun, (20) Guangfulin, (21) Shangshan, and (22) Yushan.


The multi-crop farming system in southern China, especially in the Yangtze River valley, may have been related to social complexity considering the many advantages of the system. These advantages included raising the total value of agricultural output, reducing natural disasters, and increasing the diversity of crops (Zhao, 2005, 2011). It was under the influence of such a cropping system that the ancient southern societies of China further developed. Early Chu farmers, who practiced multi-cropping, cultivated a wide selection of crops, such as foxtail millet, broomcorn millet, rice, wheat, barley, oat, buckwheat, and adzuki bean. Their cultivation habits depict the diversity and development of early Chu agriculture.



The ways of plant utilization

According to the analysis conducted in this study, millets, rice, and other crops unearthed at the Wanfunao site were predominantly from ash pits where ancient people discarded their garbage. The crops found in ash pits provide important insight into the ways of plant utilization (Zhong et al., 2020).

Plant ubiquity reflects ancient people’s preferences related to plant utilization (Zhao, 2010). This study found that foxtail millet at Wanfunao had a ubiquity of over 90%, the ubiquity of rice spikelet base was 57.30%, whereas rice had a ubiquity of only 24.72%. These findings indicate that the Wanfunao people had sufficient access to agricultural products. The presence of “foxtail millet grain/rice spikelet base” in the site may be related to forage, which was composed of foxtail millet grains and rice straw.

Foxtail millet was a kind of shared crop utilized by both humans and animals. It has high yields, high quality, and a sweet taste. The grass, in its dry, fresh, or ensiled form, is nutrient-rich with good palatability; therefore, it was a suitable alternative forage source for livestock and poultry in northern China (Shanxi Academy of Agricultural Sciences, 1987). The straw and grains of foxtail millet were usually mixed as forage for horses, cattle, and sheep, whereas pigs, chickens, and other animals were fed grains and chaff (He, 2010). Rice spikelet bases attached to rice husks were a by-product of rice processing (Wu et al., 2010). Consequently, the assemblage of “foxtail millet grain/rice spikelet base” may have been used for animal husbandry.

Furthermore, the early Chu people at Wangfunao are believed to have fed certain legumes to livestock, including Melilotus sp. and Lespedeza sp., both of which were fine fodders with fresh stems and tender leaves and were rich in nutrition (Li et al., 2004). It should be noted that both Melilotus spp. and Lespedeza spp. were found at 39 sites in the Shaanxi, Henan, and Shandong provinces of northern China. This means that these two legumes were utilized for raising livestock even before Qian Zhang brought alfalfa (Medicago sativa) to China during the Han Dynasty. However, since zooarchaeological research at the Wanfunao site is still a work in progress, further research is required to support this view, especially research involving carbon and nitrogen isotope analyses.




Conclusion

The cereal-rich diet of the upper-class people belonging to the Chu region is well portrayed in Chu ci, “Your household pays homage at your shrine. With all kinds of food and wine, eh! With yellow millet, early wheat and rice. Offered in your sacrifice, eh!” (室家遂宗, 食多方些. 稻粢穱麦, 挐黄粱些) (Xu, 2012). The Wanfunao site was a large Chu settlement in the Zhou Dynasty. At this site, bronze bells were unearthed, representing the superior status of the people. The presence of crop remains at this site, such as foxtail millet, broomcorn millet, rice, wheat, barley, oat, buckwheat, and adzuki bean, confirm, to some extent, the description of the nobiliary diet in Chu ci.

The dispersal of crops resulted from regional communication. As the society developed, rice from southern China, millets from northern China, and wheat and barley from Southwestern Asia were exchanged through different cultural activities, such as war and trade. The Wanfunao people consumed both rice and dryland crops. Their diet structure influenced by the dry farming performed in the northern regions closely resembled the varied arable lands around the Wanfunao site. Plains and adjacent hills and mountains were well-known among the people as ideal locations for growing a variety of crops. The compatible environment of these landforms facilitated the cultivation of dryland crops in southern China, such as millets and wheat, which successfully adapted to the new environment and played a key role within the agricultural structure of the southern region. The multi-crop farming system had been practiced in the southern region of China since the late Neolithic Age and became popular by the end of the Zhou Dynasty. This may have been because the southern people inhabitants became increasingly acquainted with their habitat and learned to exploit different agricultural landforms for their agriculture. Thus, the diverse agricultural practices of the early Chu people were essential to the further development and prosperity of the Chu state. Additionally, the various plant resources, including foxtail millet, rice, Melilotus sp., and Lespedeza sp., may have been devoted to raising animals as well.

The Wanfunao site was an important Chu settlement among other contemporary sites in China. This paleoethnobotanical research on the site provides groundbreaking perspectives that can facilitate further in-depth research on the agriculture and diet of the people belonging to the Chu settlement. To fully reveal the livelihood pattern of the early Chu people, comprehensive studies, such as zooarchaeological research, must be conducted in the future, and flotation results must be acquired from other Chu sites as well.
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The Tuyuhun Kingdom (AD 313–663) was one of the most famous regimes in northwest China during the early medieval period. However, the lifestyle and spiritual pursuit of their descendants who became allied with the Tang Dynasty remain enigmatic. The excavation of the Chashancun cemetery, a Tuyuhun royal descendant (AD 691) cemetery in the Qilian Mountains in northwest China, reveals a large amount of uncharred plant remains. These remains provided a rare opportunity to explore the geographical origin of the buried crops and their social implications. In total, 253,647 crops and 12,071 weeds were identified. Foxtail millet and broomcorn millet represent 61.99 and 30.83% of the total plant remains, with the rest being barley, buckwheat, beans, and hemp. The oxygen isotope and trace elements of the crop and weed remains suggest that broomcorn millet, foxtail millet, barley, buckwheat, and hemp were sourced from different regions. The assemblage of plant remains in the Chashancun cemetery suggests that millet cultivation played an important role in the livelihoods of Tuyuhun descendants, and the location of the elite Tuyuhun cemetery and multisources of different buried crops may reflect their memory of ancestors and homelands. This case study provides a unique perspective to understand the interactions among human subsistence strategy, geopolitical patterns, and local natural environments in northwest China during the late 7th century.
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Introduction

One of the fundamental factors that underpinned the prosperity of the Tang dynasty was the close connection between the Central Plains of China and the Hexi Corridor. This connection supplied a range of important resources, technology, and manpower to both sides (Li, 1990b; Yang et al., 2020). While the importance of the Hexi Corridor was widely acknowledged in contemporary historical documents, less evidence can be found regarding the basic subsistence in the Hexi Corridor. The Tuyuhun Kingdom (AD 313–663) was one of the most powerful local regimes at the southern foot of the Qilian Mountains. The kingdom was established by the Murong Xianbei pastoralists at the end of the 3rd century, moving from the Yinshan mountains to the broader area of the Qaidam Basin, the Qinghai Lake Basin, and the upper Yellow River Valley (Escher, 2019; Cao, 2021). This rule lasted for 350 years, with 16 kings, until it was destroyed by the Tubo people in the third year of the Longshuo Tang Dynasty (AD 663) (Li et al., 2015; Pan, 2022). The rest of the Tuyuhun groups chose to ally with the Tang Empire (AD 618–907) after the fall of their own kingdom (Pu, 2017; Zhang, 2017; Niu, 2021). Most of the royal descendants of the Tuyuhun Kingdom migrated to Wuwei, the Hexi Corridor, and Wuzhong, Ningxia autonomous region (Figure 1A), but all of them chose to be buried in the Wuwei area after they died (Huang, 2017; Fan, 2018; Sha and Chen, 2021).


[image: image]

FIGURE 1
Location of the Chashancun cemetery (A) and the plant remains in the cemetery (B–E). 1-Xiangride, 2-Jiamugeertan, 3-Tiebuqia, 4-Xiatang, 5-Zhidongjiala, 6-Qinghaihu, 7-Qugou, 8-Bugang, 9-Niutou, 10-Kaba, 11-Minghe, 12-Tianbao, 13-Guzang, 14-Jialin, 15-Shenniao, 16-Changsong, and 17-Wuwei.


Understanding the subsistence strategy of these Tuyuhun royal descendants is of crucial archaeological and historical interest (Finkelstein and Perevolotsky, 1990; Chen et al., 2012; Farahani, 2018). According to historical documents such as Sui Shu, Zi Zhi Tong Jian, and Tang Hui Yao, the subsistence strategy of the Hexi Corridor was influenced by the expansion of the Tang culture. For example, the consumption of various crops, including foxtail millet, broomcorn millet, wheat, barley, buckwheat, hemp, pea, and black soya bean, was mentioned in these texts (Hao, 2011; Zhang, 2021). It is worth noting that the purpose of these documents is not exactly known to us; therefore, it is difficult to evaluate the accuracy of these records. Moreover, it is still difficult to extract any quantitative information from these fragmented texts and understand how different types of food were combined to support the local society.

The excavation of the Chashancun cemetery provides excellent archaeological records to resolve these important issues. A significant number of plant remains have been collected from four broken silk bags, which offered a rare opportunity to reveal the plant subsistence of the Hexi Corridor during the early Tang dynasty. Based on the identification of the plant remains, the analysis of oxygen isotopes and trace elements, and a survey through the historical documents, we aimed to reveal more detailed information on the subsistence pattern of the Tuyuhun descendants, examined single-source or multisource models of the different crop remains, and explored their broader social implication for the Tuyuhun royal descendants during the late 7th century.



Study site

The Chashancun cemetery (102°22′54.3′′E, 37°40′51.7′′N) is located at the present-day Chashan village in the Qilian town (approximately 15 km from the city of Wuwei in the Gansu Province), Tianzhu Tibetan Autonomous County, which is 2,672 m above sea level. The average annual temperature and precipitation in this region are ∼1.6°C and 200–400 mm, respectively. As shown in Figure 1A, many settlements or cities during the Tuyuhun and the Tang periods were located at the southern and northern feet of the Qilian Mountains, respectively (Li, 1990a,2014). In contrast, the Chashancun cemetery was built on the top of the Qilian Mountain, most likely for the convenience of building and the spiritual pursuit of the ancient Tuyuhun Kingdom (Sha and Chen, 2021).

Numerous funerary objects including pottery, metalware, lacquerware, stone tools, silk fabrics, leather objects, sacrificial animals (i.e., horse and sheep), and food crops were discovered during the rescue excavation conducted by the Gansu Province Institute of Cultural Relics and Archaeological Research in 2019 (Gansu Provincial Institute of Cultural Relics and Archaeology et al., 2021). Based on the records of the epitaph, the Chashancun cemetery was owned by Mu Rongzhi, a Tuyuhun royal descendant, who died in the second year of Tianshou (AD 691).



Materials and methods

Plant material is a significant component of funerary objects. Interestingly, they often appear to be carefully packaged or stored in small bags or pots to bury in the cemetery before deposition (Chen et al., 2012; Moustafa et al., 2018). The Chashancun cemetery is a single brick-room cemetery buried by dry arenosol on top of the Qilian mountains. The low permeability of the local soil and low precipitation create a favorable environment for the preservation of plant remains. Nine silk bags (五谷囊 Wugunang) containing desiccated and mixed plant remains were unearthed from the coffin chamber in the cemetery (Figures 1B,C). Unfortunately, four of them were damaged, and the plant remains were therefore transferred into new numbered sample bags during the excavation process (Figures 1D,E; Liu et al., 2022).

Given the large number of plant remains at Chashancun cemetery, three of the sample bags (the fifth, seventh, and ninth bags) were given to Lanzhou University for further research. These samples were separated and identified based on their morphological characteristics and compared with various illustrated identification keys (Guo, 1995; Guan, 2000; Liu et al., 2008). Meanwhile, a representative sample of each species was photographed under a stereomicroscope for high precision identification, and the percentage of certain species was calculated. Moreover, the poorly preserved samples were counted based on special features of the plant. For example, the count of hulled barley was based on the number of embryos of hulled barley. These tests were performed in the laboratory at the Lanzhou University and the University of Chinese Academy of Sciences.

As most of the plant remains identified from the Chashancun cemetery are well-preserved and uncharred, they were used for the analysis of oxygen isotope and trace element contents. A total number of 112 samples were processed in an automated hydrogen and oxygen analyzer linked to a Thermo Fisher Scientific (Bremen) GmbH Delta V Plus at the Key Laboratory of Western China’s Environmental Systems, Ministry of Education (MOE), Lanzhou University, China. In total, 30 element samples were measured in Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Jena PQ MS) using the GB/T 14506.30-2010 method at the Createch Testing Technology Co., Ltd., Beijing, China. Before the samples of both experiments were measured, they were washed several times using distilled water in an ultrasonic cleaner for 30 min and then dried in an oven at 70°C for 12 h. They were subsequently crushed to powder using an agate mortar/pestle and weighed into tin containers. Each type of millet was divided into two groups (large vs. small) based on the morphological variations and then measured. More detailed criteria can be found in the study by Liu et al. (2022). The oxygen isotopic results were reported as δ18O relative to the international standard Vienna-Standard Mean Oceanic Water (VSMOW), and the isotopic analytical precision was 0.3‰. A total of 56 standards (IAEA-601) were entered into the oxygen isotopic sample list, and three standards (GSP-1, W-2a, AGV-2) were entered into the trace element sample list to monitor the data quality.

The principal component analysis (PCA) is one of the most commonly used multivariate statistical analysis methods that can reduce multiple dimensions embedded with the original data sets, which enables the new variables (the principal component) to be a linear combination of the original variables and provides a new dataset that can represent the original one (Wold et al., 1987; Abdi and Williams, 2010; Bro and Smilde, 2014). Meanwhile, cluster analysis is also applied to isolate homogeneous substrates among the items originating from heterogeneous substances based on certain characteristics of the observation (Krolczyk, 2014). Both methods can reveal the correlation and difference among the trace elements in plant remains cultivated from different areas. In this study, the PCA and cluster analysis were performed using the SPSS 26.0 software with the following steps: (1) standardize the original data; (2) determine the correlation between elements; (3) select the first two principal components; and (4) apply the cluster analysis.



Results


The assemblage of identified plant remains from the Chashancun cemetery

The Chashancun cemetery yielded a total of 265,718 uncharred plant remains, which can be divided into two primary groups, i.e., 253,647 crops and 12,071 weeds (Table 1). The plant remains that were identified from each sample bag and excavation notes suggest that the plants were mixed well and packed in nine silk bags before being buried in the cemetery (Supplementary Figure 1). Therefore, the plant remains in this study can be taken as representative of all the plant remains unearthed from the Chashancun cemetery. The six most important species were foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), hulled barley (Hordeum vulgare), buckwheat (Fagopyrum esculentum), beans (Leguminosae), and hemp (Cannabis sativa sub. Sativa). Foxtail millet and broomcorn millet account for the highest proportion, being 61.99 and 30.82% of the total identified plant remains. Hulled barley, buckwheat, beans, and hemp represent relatively lower proportions of 1.82, 0.38, 0.22, and 0.16%. In comparison, other crops, such as naked barley (Hordeum vulgare var. coeleste), wheat (Triticum aestivum), flax (Linum usitatissimum), and muskmelon (Cucumis melo) played much smaller roles in the whole picture (all below 0.01%). The detailed morphological characteristics of each typical crop are shown in Figure 2. It is worth noting that all the plant remains were composed of chaff, probably due to the extended burial time.


TABLE 1    Summary data for the identified plant remains from the Chashancun cemetery.
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FIGURE 2
Crop remains unearthed from the Chashancun cemetery. (A) Setaria italica; (B) Panicum miliaceum; (C) Triticum aestivum; (D) Fagopyrum esculentum; (E) Cannabis sativa sub. Sativa; (F) Leguminosae; (G) Hordeum vulgare; (H) Hordeum vulgare var. coeleste; (I) Cucumis melo; and (J) Linum usitatissimum (Scale bar: 2 mm).


Ten species of weed plants were discovered, accounting for 4.54% of the total plant remains. As shown in Table 1, Setaria glauca, Chenopodium, and Echinochloa crusgalli occupied over 20% of the total weed plants, and several seeds of typical weed species, including Setaria viridis, Vaccaria segetalis, and Rubia cordifolia, show relatively higher proportions compared with Humulus scandens, Elymus, Compositae, and Xanthium sibirium. The morphological characteristics of typical weeds are shown in Figure 3.


[image: image]

FIGURE 3
Weed remains unearthed from the Chashancun cemetery. (A) Setaria glauca; (B) Echinochloa crusgalli; (C) Compositae; (D) Setaria viridis; (E) Humulus scandens; (F) Vaccaria segetalis; (G) Rubia cordifolia; (H) Chenopodium; (I) Xanthium sibiricum; and (J) Elymus (Scale bar: 1 mm).




The oxygen isotope of different plant remains from the Chashancun cemetery

The results of stable oxygen isotopic analysis of different plant remains are presented in Table 2 and Supplementary Table 1. The δ18O values of foxtail millet (n = 24) and broomcorn millet (n = 24) range from 25.5 to 27.8‰ (mean = 26.4 ± 0.6‰) and from 30.6 to 33.1‰ (mean = 31.7 ± 0.6‰). The δ18O values of hemp (n = 8) range from 19.4 to 20.6‰ (mean = 21.1 ± 0.4‰), while the buckwheat (n = 8) and hulled barley (n = 8) ranges from 18.6 to 19.5‰ (mean = 19.2 ± 0.3‰), and 18.3 to 19.6‰ (mean = 19.0 ± 0.4‰), respectively. The seed remains, such as Chenopodium, V. segetalis, S. viridis, E. crusgalli, and S. glauca, have different δ18O values (Table 2). As shown in Figure 4, the δ18O values of crop remains can be divided into three groups. Foxtail millet and broomcorn millet belong in two different groups; hemp, hulled barley, and buckwheat belong in the same group.


TABLE 2    Summary results of δ18O for the plant remains from the Chashancun cemetery.
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FIGURE 4
The box plot of oxygen isotopic values for plant remains from the Chashancun cemet.




The trace element content of different plant remains from the Chashancun cemetery

A total of 42 trace elements from 30 plant remain samples are presented in Supplementary Tables 2, 3. Principal component analysis was applied to the whole data set of plant remains. The first two principal components (PC 01 and PC 02) were selected, and they accounted for more than 93% of the total variation (Supplementary Tables 4, 5). This implies that these two components represent the most information from the original data and help reveal the potential outliers and trends in the data. As shown in Figure 5, the principal component score of different crops and weed remains displays a clear difference, especially between hulled barley and Chenopodium. The tree diagram illustrates the results produced by hierarchical clustering analysis. A smaller distance between clusters combined means more similarity. As the clustering distance increases, the data become more different from one another. Supplementary Table 6 and Figure 6 show that these 30 plant samples are clustered into two main groups when the clustering distance is set to 15 but change to six groups if the clustering distance is five. Broomcorn millet, hemp, hulled barley, and Chenopodium belong to four different groups, whereas buckwheat and V. segetalis belong to the same group. Foxtail millet, S. viridis, and E. crusgalli also belong to the same group.
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FIGURE 5
The scatter diagram of the first two principal components of trace element results for plant remains from the Chashancun cemetery.
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FIGURE 6
Element clustering analysis of plant remain samples from the Chashancun cemetery.





Discussion


Plant subsistence of Tuyuhun royal descendants in the late 7th century

Based on over 260,000 identified plant remains from the Chashancun cemetery (Table 1), foxtail millet and broomcorn millet were almost certainly the most important food consumed by the Tuyuhun royal descendants. Their total remain proportion reaches up to 97.23% (Table 1 and Figure 7). The proportion of hulled barley and buckwheat remains accounts for 1.90 and 0.40% of the overall crop remains, suggesting that they were important subsidiary crops for the Tuyuhun royal descendants during this period. Although hundreds of naked barley and bean grains were also identified from the Chashancun cemetery, their weights are much lower than other crops (Table 1 and Figure 7), probably suggesting that they might be used as auxiliary plant subsistence. The Tuyuhun royal descendants seem to use wheat, hemp, flax, and sweet melon as supplemental plant subsistence in the early period of the Tang Dynasty, as the proportion of these crop remains is all below 0.18%. Moreover, flax can be used for oil and fibers, and the muskmelon has a wide range of adaptations to the environment and can be used as an important source of fruit (Herbig and Maier, 2011; Reddy et al., 2013; Cao, 2021; Karg, 2022). Undoubtedly, the living resources of the indigenous inhabitants in the Hexi Corridor show extremely rich diversity during the early Tang dynasty.
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FIGURE 7
The proportion of different plant remains from the Chashancun cemetery.


Based on several historical records, millets were the dominant plant subsistence in the Dunhuang area of the western end of the Hexi Corridor during the early Tang Dynasty (Li, 1990b; Gao, 2017; Li et al., 2017). Other important contemporary crops cultivated in the same area included wheat, barley, buckwheat, beans, hemp, flax, and some vegetables and fruits (e.g., Shallot, Zingiber, radish, etc. and grape, peach, apricot, etc.) (Su, 2002; Hao, 2011). Moreover, few charred grains of wheat, barley, and foxtail millet were identified from the cultural layer dated to the Tang Dynasty in Datong City in the Hei River Basin (Shi, 2018). Various lines of evidence indicate that foxtail and broomcorn millet were dominant crops in the Hexi Corridor during the late 7th century, corresponding well with the agricultural system in central and northern China (Hua, 1990; Zhou and Garvie-Lok, 2015; Zhang, 2019; Zhang J. F. et al., 2021).

The oxygen stable isotopic composition has been widely applied to the study of the water source of both archaeological and modern crops (Kelly et al., 2002; Williams et al., 2005). According to the historical documents, the fact that the descendants of Tuyuhun lived in different areas of the Gansu and Ningxia regions (Zhang, 2017; Li et al., 2021) indicates that the buried crops were likely to derive from different regions as well. Given that all these regions are fairly desiccated, the majority of the changes in the plant δ18O could be attributed to soil water, which is ultimately influenced by local temperature and precipitation (Duan et al., 2008; Zhang et al., 2020). While no major effects on oxygen isotopes have been observed during plant uptake of soil water (Barbour, 2007), future studies remain critical to understand to what degree δ18O could be affected by the internal circulation of water (e.g., metabolism water stress caused by dry environment) in different species or regions. Meanwhile, the characteristics of the elemental composition of cultivated plants are associated with that of local soils and, therefore, can be used to differentiate the geographical origins of crops (Kelly et al., 2002; Sun et al., 2011; Zhou, 2011). As plant remains unearthed from the Chashancun cemetery are uncharred due to the special burial environment, different crop and weed remains are selected for analysis of oxygen isotopes and trace elements. The results are shown in Figures 4, 5.

The δ18O values of the broomcorn millet remains range between ∼31 and 32‰, and this is much higher than other crop and weed remains (Figure 4), suggesting that broomcorn millet might have been cultivated in a region different from other crops, which is further verified by the first two principal component contents (Figure 5). The δ18O values and the PCA of foxtail millet, S. viridis and E. crusgalli remains, both show clear overlap with each other (Figures 4, 5), suggesting that foxtail millet could have been cultivated in the same place with those weeds, probably symbiotic field with foxtail millet (Guan, 2000; Liu et al., 2008; Zhang et al., 2011). Although the principal components of S. glauca and foxtail millet are inconsistent, the cluster dendrogram shows that they might also be cultivated in the same area (Figure 6). In addition, we found that the difference in the principal components between large and small foxtail millet is relatively inconsistent compared with the broomcorn millet, and the δ15N values of the large foxtail millet fall in the range of the small foxtail millet (Liu et al., 2022). Therefore, it is more likely that foxtail millet may be cultivated in different places in one region.

The δ18O values of hulled barley, buckwheat, hemp, V. segetalis, and Chenopodium are all overlapped with one another (Figure 4), but the principal components of hulled barley, hemp, and Chenopodium are distinguished from the other plant remains (Figure 5). Similar to these results, cluster analysis shows that buckwheat and V. segetalis might have been cultivated together, and Hemp, Barley, and Chenopodium might have been cultivated in different places, respectively. Over 2,500 Chenopodium seeds were identified from three sample bags, which represent higher quantities compared with other crops, such as Buckwheat, Bean, and Hemp (Table 1 and Figure 7); the PCA and cluster analysis also show that there are distinct differences between Chenopodium and other plant remains (Figures 5, 6). However, Chenopodium unearthed from the Chashancun cemetery is more likely to have been weeds rather than crops by comparing it with domesticated Chenopodium, which often shows a large size with a thinner coat (Partap and Kapoor, 1985a,b, 1987; Xue et al., 2022). Therefore, it was most likely that Chenopodium growing in surrounding areas was mixed into crops during the crop processing and needs further verification. Considering that there are limited differences in water oxygen isotope on a regional scale during the same period (Bowen and Wilkinson, 2002; Lightfoot and O’Connell, 2016) and the elemental composition of soil varies significantly in different landscapes within a region (Robinson et al., 2009; Tudi et al., 2021), it can be inferred that broomcorn millet, foxtail millet, hulled barley, buckwheat, and hemp unearthed from the Chashancun cemetery might have been cultivated in different regions, whereas hulled barley, buckwheat, and hemp were probably cultivated in different places of one region. The exact location of cultivation for these crop remains is yet to be identified. However, it is not clear whether the isotopic fractionation of plant remains from the Chashancun cemetery existed during the diagenesis process (AD 691-2019) although the buried environment was fairly desiccated. Therefore, the conclusion based on oxygen isotope and trace element values needs to be examined in future studies.



Influencing factors for plant remains buried in the Chashancun cemetery

The characteristics of plant remains identified from the Chashancun cemetery are evidently different from the agricultural structure of the ancient Tuyuhun people, who were primarily engaged in cultivating barley, millets, and beans before they lost their kingdom (Cao, 2021; Niu, 2021). Foxtail millet and broomcorn millet are overwhelmingly dominant crops in the Chashancun cemetery, which is consistent with the policy of the Tang Empire. The oasis in the Hexi Corridor was one of the most important centers for the cultivation of millet crops during the early Tang Dynasty (Hua, 1990; Li, 1990b; Li et al., 2017), and millets were used as the primary foodstuff in northern China during that time (Li, 2011; Zhang, 2019; Niu, 2021). While archaeobotanical studies suggest that barley and wheat were the most important crops in the Hexi Corridor during BC 1700-100 (Zhou et al., 2016; Yang et al., 2019; Dong et al., 2020), foxtail and broomcorn millet became the dominant crops in the Hexi Corridor since the Han Dynasty (BC 202-AD 220) (Gao, 2014; Shi, 2018; Li et al., 2020) when the central government in ancient China first controlled this area. These pieces of studies suggest that the policy of agricultural empires at that period might have profoundly influenced the cropping patterns in the Hexi Corridor, and also the predominance of millet crops in the buried plant remains unearthed from the Chashancun cemetery. The lifestyles of the elites of Tuyuhun had been evidently affected by the Tang Empire after their conversion to the Tang Empire (Escher, 2019; Niu, 2021; Pan, 2022), and Mu Rongzhi was one of the Tuyuhun royal descendants, who might have been significantly affected by the dietary habit of the Tang Dynasty. Consistent with the above processes, the primary crop was shifted from millet to wheat under the influence of the Tubo Empire in the Dunhuang area during AD 781–848 (Hao, 2011; Shi et al., 2022).

On a larger spatio-temporal scale, both the Tuyuhun and Turpan people, as the ancestors of Northwest Chinese, were finally conquered by the Han culture. But after a long time of interaction, the Tang civilization has deeply implanted these areas, for example, the shape and structure of tombs, the appearance of epitaphs, the use of characters, and the arrangement of burial goods (Li, 2014; Fan, 2018; Zhou, 2019). The grain remains found in this study include foxtail millet, broomcorn millet, hulled barley, naked barley, buckwheat, hemp, and a small amount of sweet melon and flax, which are similar to the arrangement of grains unearthed from the Astana cemetery in Turpan during the Jin and Tang dynasties (Chen et al., 2012). Based on the unearthed grains, the highly developed Tang civilization influenced the Tuyuhun tribe and the residents of Gaochang in Turpan. The assemblage of the buried crop remains in the Chashancun cemetery provides a vivid epitome that reflects the impact of geopolitical change on the livelihoods of Tuyuhun descendants during the 7th century.

The nostalgia for the ancient Tuyuhun Kingdom is another potential factor for the selection of buried plants in the Chashancun cemetery, which is proposed as a key reason to build the cemeteries for the Tuyuhun royal descendants on the top of the Qilian mountains (Zhou, 1994; Fan, 2018; Sha and Chen, 2021). In the same period of the Dunhuang area, wheat was the second most important crop (Hao, 2011; Gao, 2017), while barley was the most essential cultivated crop in the ancient Tuyuhun Kingdom (Cao, 2021; Niu, 2021). The memory of foodstuff and livelihoods is thought of as the inheritance of cultural identity for both individual and ethnic groups (Peng, 2013; Wallman, 2021). Therefore, the relatively high proportion of barley in relation to wheat may be the result of the inheritance of Tuyuhun descendants from the habits of their homeland. The selection of hemp as one of the buried crops in the Chashancun cemetery might be influenced by the custom of the ancient Tuyuhun. Hemp remains have been identified from the Yanghai Cemetery (BC 900-200) in Turpan of east Xinjiang Province, which might have been used for both medicine and shamanistic use (Zhao et al., 2019), which was also the faith of the ancient Tuyuhun kingdom (Sun, 2019; Cao, 2021). In addition, hemp was an essential crop during the Jin and Tang dynasties (Hao, 2011; Chen et al., 2012; Liu et al., 2017) and was one of the Five Grains buried in cemeteries during the Han Dynasty (Shen, 1998; Chen, 2015). Therefore, hemp in this study played an important role in the lives of local inhabitants during the early Tang Dynasty.

The local natural environment in the Hexi corridor and Ningxia areas, which were the primary settlement areas for Tuyuhun descendants, is probably another factor for the buried plants in the Chashancun cemetery. The average elevation of these areas is significantly lower than the territory of the ancient Tuyuhun Kingdom, such as the Qaidam and Qinghai Lake basins. It is advantageous to cultivate naked barley in the high-cold Tibetan Plateau, while hulled barley is more suitable to be cultivated in low-altitude plains for insect resistance (Capdevila et al., 1997; Yang et al., 2010). Thus, this natural environment of the Chashancun cemetery explains why the number of identified hulled barley grains is greater than the number of naked barley. Buckwheat was first domesticated and consumed in the eastern Hexi Corridor since Bronze Age (Wei, 2019; Zhang K. X. et al., 2021). The notable elevation difference and diverse landscapes on the northern side of the Qilian Mountain provide a favorable environmental foundation for the growth of the identified plant species from the Chashancun cemetery. Based on the oxygen isotope and trace element content of buried crops in the Chashancun cemetery, those crops were likely sourced from three different areas, probably from where the Tuyuhun descendants lived before death. This reflects the nostalgia for the second homeland of the Tuyuhun groups, which needs to be examined in future studies.




Conclusion

Archaeobotanical analysis of the Chashancun cemetery in the Qilian Mountains provides new important physical materials to understand the plant subsistence and lifestyle of Tuyuhun descendants during the late 7th century. Millets were the predominant cultivated crops, and they were found with other important auxiliary plant subsistence, such as hulled barley, buckwheat, beans, and hemp. This reflects the integration of their dietary customs into the Tang Dynasty. However, broomcorn millet, foxtail millet, and other crops buried in the Chashancun cemetery were sourced from different regions due to the nostalgia for their living areas before death. The location of the Chashancun cemetery on the top of the Qilian Mountains, the hemp identified from the Chashancun cemetery, and the relatively high proportion of hulled barley indicate the deep memory of the ancestral lifestyles in the ancient Tuyuhun Kingdom, which also might be affected by the natural environment of the Hexi Corridor and Ningxia areas. More studies of various funerary objects from the Chashancun cemetery are needed to comprehensively understand the livelihoods and spiritual cares of Tuyuhun royal descendants.
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Reconstructing diet can offer an improved understanding toward the origin and evolution of modern humans. However, the diet of early modern humans in East Asia is poorly understood. Starch analysis of dental calculus is harmless to precious fossil hominins and provides the most direct evidence of plant food sources in early modern human dietary records. In this paper, we examined the starch grains in dental calculus from Fuyan Cave hominins in Daoxian (South China), which were the earliest modern humans in East Asia. Our results reveal the earliest direct evidence of a hominin diet made of acorns, roots, tubers, grass seeds, and other yet-unidentified plants in marine isotope stage 5 between 120 and 80 ka. Our study also provides the earliest evidence that acorns may have played an important role in subsistence strategies. There may have been a long-lasting tradition of using these plants during the Late Pleistocene in China. Plant foods would have been a plentiful source of carbohydrates that greatly increased energy availability to human tissues with high glucose demands. Our study provides the earliest direct consumption of carbohydrates-rich plant resources from modern humans in China for the first time. In addition, it also helps elucidate the evolutionary advantages of early modern humans in the late Middle and early Upper Pleistocene.
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Introduction

Scientific interest in the origin and evolution of modern humans has a long history. Since the emergence of Homo erectus, China has been an important area of human evolution (Gao et al., 2010, 2017). New fossils were found in Huanglong Cave in Hubei (Liu et al., 2009), and at the Zhiren Cave in Guangxi (Liu W. et al., 2010). Moreover, 47 human teeth dating back to more than 80 ka (with an inferred maximum age of 120 ka) by the excavator team were found in Fuyan Cave in Hunan (Liu et al., 2015), which provided the earliest fossil evidence of modern humans in South China. These findings indicated that fossil hominins with full early modern human morphology were present in South and Central China as early as 100 ka (Liu et al., 2016).

Diet is key to understand the origin and evolution of modern humans. Diet is a direct reflection of human adaptation and transformation of the natural environment. Much of human evolutionary success can be attributed to our ability to consume a wide range of foods (Ungar and Teaford, 2002). Reconstructing paleolithic diets can offer an improved perspective on human adaptation and may help elucidate modern human dietary physiology.

Plants are an important dietary source for humans. In the study of the utilization of plant resources, there is not only evidence of macrobotanical remains, but also evidence of microbotanical remains. However, the evidence of macrobotanical remains obtained from the sites are not all related to food, and the plant remains found in dental calculus are more likely to be closely related to human diet. Dental calculus is made of calcium phosphate deposits on teeth that captures many food particles and therefore contains the dietary information of ancient humans (Leonard et al., 2015). Analysis of early Paleolithic dental calculus is particularly valuable (Hardy et al., 2017, 2018); it is both harmless to precious hominin fossils and the data recovered may be the only direct evidence of plant consumption. Starch grains entrapped within the calculus can provide the most direct evidence of items ingested in the past (Hardy et al., 2017).

Recently, DNA and proteomics studies are rising tools for the study of ancient dental calculus, and providing new data for diet (Hardy et al., 2018). However, we have carried out biomolecular analysis on some human dental calculus from Fuyan cave, and unfortunately have not obtained any endogenous ancient DNA data. The recovery of starch grains from dental calculus has become increasingly useful for revealing diets of Neanderthals and early modern humans. On the basis of starch grain analysis, palms, beans, and grasses were found from Neanderthal dental calculus, which revealed a wide spectrum of plant foods sources (Henry et al., 2011). Further analyses of plant derived diets were compared between Neanderthals and other early modern humans from several populations in Europe, the Near East, and Africa (Henry et al., 2014). In East Asia, starch grain analysis studies at Zhuannian (∼10.0 ka), Nanzhuangtou (>11.0 ka), and Shizitan (∼28 ka) confirmed plant foods exploitation strategies by the modern humans (Liu et al., 2013, 2018; Yang et al., 2015). However, these sites are all less than 30,000 years old and located in northern China. Research in East Asia has not been carried out for early modern humans older than 30 ka. Besides, the starch grains recovered from human dental calculus can provide more direct diet evidence than grinding tools (Cristiani et al., 2016). Thus, this paper investigates starch grains on the dental calculus of human teeth dated 120–80 ka from Fuyan Cave in South China to provide important dietary information. This work aims to study the subsistence strategy of early modern humans in early Late Pleistocene and their adaptations to the environment.



Materials and methods

Fuyan Cave is located in Tangbei Village, Daoxian County, Hunan Province, South China (E 111°28′49.2″, N 25°39′02.7″) (Figure 1A). Fuyan Cave is a karst system that comprises several connected and stacked chambers (Figure 1B), and covers a total area of more than 3,000 m2 (Figure 1B). Three seasons of systematic excavation at Fuyan Cave in Daoxian were carried out between 2011 and 2013, and yielded 47 human teeth and an abundant fossil mammalian assemblage (Figures 1C,D). The morphological and metric assessment of those teeth supports their unequivocal assignment to fully modern humans (Liu et al., 2015). The original study used both U-series of the flowstone and the biostratigraphic information to support the 120–80 ka; this is the earliest and soundest evidence of modern humans in South China (Liu et al., 2015).
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FIGURE 1
Geographical location and stratigraphy of Fuyan Cave in Daoxian. (A) Location of Fuyan Cave. (B) Panoramic view of Fuyan Cave. (C,D) Stratigraphic layers of region II of Fuyan Cave. All human fossils came from layer Map of (A) was generated using GMT 5.2.1. (http://gmt.soest.hawaii.edu/home). (C) Modified from Liu et al. (2015).


Recently, Sun et al.’s (2021) study showed new chronologies of Fuyan Cave, suggesting that their chronologies are Holocene. Higham and Douka (2021) and Martinón-Torres et al. (2021) pointed out Sun et al.’s major issue were derived from unreliable “human teeth” and other dating samples collection, “human teeth” identification, problematic dating method. Considering the complexity of cave deposits and cave strata, and the fact that Sun and the initial excavation team did not confirm their samples came from the exact same location and layer (Martinón-Torres et al., 2021; Sun et al., 2021), Sun et al.’s study were irrelevant to our study since their samples are were not the same assemblage as ours, and even not the same excavation area and the same stratum. Recently, the U-series dates of fossil tooth Bos (Bibos) gaurus Smith, 1,827 excavated along with the human teeth at the same layer (layer 2) at Fuyuan cave confirms the original age to be older than 80 ka (Cai et al., unpublished data). Based on these reasons, we suggest that the original excavator’s determination of the age for our samples should be more reliable, and therefore, the age determined by the excavation team is applied here in this study.

Adhered soil and other particles on 47 human teeth from Fuyan Cave in Daoxian were cleaned with a soft tooth brush. Microwear and dental calculus were observed under a digital microscope (VHX-600) using the extended depth of focus (EDF) technology. First, surface of teeth was thoroughly cleaned by blower and acetone before extracting dental calculus. Fifteen teeth had obvious calculus (Figure 2), and a dental pick was used to scrape visible calculus following the non-destructive protocols outlined by Piperno et al. (2000) and Henry et al. (2012).
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FIGURE 2
Images showing deposition of dental calculus on Fuyan Cave hominins teeth [Sample No. (A) DX4. (B) DX.2. (C) DX13. (D) DX6 (E) DX5] (Scale bar = 1 cm).


To prevent samples from being contaminated, all implements were cleaned in an ultrasonic water bath before they were used. Two blank slides were placed on the laboratory table to check the air contamination in Ancient Starch lab of Zhengzhou University before the extraction experiment (Piperno and Dillehay, 2008; Li et al., 2010). When the experiment was finished, the mixture of glycerol and ultrapure water (1:1) were used to mount on the two blank slides. Moreover, to check the contamination during the extraction process, two new empty 2 ml centrifuge tubes were used as control samples. Extraction of starch grains from the two control samples and from human dental calculus were followed the same procedure. The mixture of glycerol and ultrapure water (1:1) were used to mount the “residues” extracted from the two controlled samples on the blank slides. Olympus BX53 were used to examine the four slides. No starch grains were found on the four slides, suggesting that no starch contamination existed in the lab environment and during the ancient starch grains extraction process. Additional experiment on samples of surface sediments of animal teeth does not yield starch grains, but found several phytoliths (Supplementary Figure 1).

Calculus fragments were rinsed in distilled water and transferred into centrifuge tubes. 2 ml 2.9 mol/L HCl was then added and the tubes were left for several hours until there were no more bubbles. It should be noted that the dissolution of calculus with EDTA instead of HCl is now the preferred method (Tromp et al., 2017) as it releases more microremains. For the interested readers who would like to perform similar analysis, employing the EDTA method may give similar results in this paper. Then, distilled water was added and the solution was centrifuged at 3,000 rpm for 10 min. The supernatant was removed and the residue at the bottom was retained. This step was repeated for three times. The samples were then mixed with 5% sodium hexametaphosphate for 24 h. After two washes with distilled water, a heavy liquid flotation with a dense solution of CsCl (d = 1.8 g/ml) was added to the sample to float the starch grains. After adding the distilled water into the new centrifuge tube and centrifuging it at 3,000 rpm for 10 min, the supernatant was pipetted and removed. This step was repeated a second time, and the remaining residue was kept for microscopic observation. The remaining sample was mounted in 1:2 glycerin/water on a slide and examined under polarized and transmitted light with an Olympus BX53 at 400 × magnification. Each starch grain was photographed, described, and counted, and the entire slide was examined. We observed and analyzed microwear under a digital microscope (VHX-600) using the EDF technology. In order to make a reasonable identification ancient starch grain, we made a one-to-one comparison with modern references native to the study area (Supplementary Figure 2), and certain modern comparative plants commonly recovered from later sites in this region were employed (Supplementary Figure 3). Existing literature on diagnostic criteria for starch grains was also consulted (Piperno et al., 2004; Chandler-Ezell et al., 2006; Piperno and Dillehay, 2008; Ge, 2010; Yang and Jiang, 2010; Tao et al., 2011, 2015; Wan et al., 2012; Yang and Perry, 2013; Wang, 2017).



Results

A total of thirty-two starch grains were recovered from the dental calculus of thirteen Fuyan Cave hominins teeth. In addition, two wood fragments with characteristic conifer tracheid fibers were identified in the dental calculus of two Fuyan Cave hominins teeth (see Supplementary Table 1 for detailed starch and wood fragments counts). The source of starch granules was detected by comparing the size, shape, presence, and prominence of lamellae; hilum morphology; formation characteristics; cross sections; cracks; and other surface features. Twenty-two starch grains could be assigned to four main types. The others could not be identified because of damage or a lack of diagnostic features. The morphological characteristics of identified starch types and wood fragments are described below.


Type 1

Thirteen starch granules consistent with acorns represented this type. The starch grains from acorns have different morphologies according to their species and genera (Yang et al., 2009; Ge, 2010; Tao et al., 2011, 2015). Four starch granules of these were large (with size range 14.31–22.98 μm). As shown in Figures 3A,B, the granule was oblong with rounded corners and a centric hilum with visible fissures. The extinction arm bends with an “X” shape. The length of the major axis was 20.1 μm, and the minor axis was 15.3 μm. Our modern reference material (Supplementary Figures 3A,B) and previous study (Yang, 2017) all demonstrate that the extinction arm of acorns was bent or “Z” shaped, some with visible fissures. Their morphologies are different from those of other plants such as Coix, whose starch grains possessed the “Z” shaped extinction arm. According to the comparison of the size, shape, cross sections and other surface features, these starch granules matched acorns possibly from Castanopsis sp. The shape of the three starch grains is triangle with round corners (Figures 3C,D). The extinction was in the shape of “X.” The morphology of this type of starch grains is consistent with the characteristics of acorns based on modern starch references (Supplementary Figures 3C,D) and previous study (Yang et al., 2009; Tao et al., 2011). Starch grains from nuts, roots and tubers were semi-compound from previous study (Tao et al., 2011; Wang, 2017). The hilum of semi-compound (including bell shape) starch grains from tuber plants such as Trichosanthes kirilowii, Colocasia, Dioscorea, are almost eccentric and show a “X-shaped” extinction (Wang, 2017). However, the hilum of semi-compound starch grains from acorns are centric with “ + “ shape extinction (Yang et al., 2009). Six larger single starch grains with similar size and “ + “ shape extinction arms, which were also found based on modern references (Supplementary Figures 3D–H). These starch grains (Figures 3E,F) are likely consistent with acorns such as Cyclobalanopsis sp., Castanopsis sp. (Ge, 2010; Tao et al., 2011). In terms of morphology, this type of starch grain may represent acorns not tubers.
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FIGURE 3
Microfossils of starch grains observed in the dental calculus of Fuyan Cave hominins teeth (each grain shown in unpolarized and polarized views). (A–F) Type 1, likely acorns; (G–L) type 2, possible tuber or root; (M,N) type 3, possible the tribe Triticeae; (O,P) type 4, possible Poaceae; (Q–X) starch grains lacked any known diagnostic features (Scale bar = 20μm).




Type 2

Four starch granules of this type were found. One starch grain was nearly oval with an eccentric hilum and showed faint extinction crosses under a polarized microscope (Figures 3G,H). This type of starch grain is possibly a root or tuber starch, as it exhibited an eccentric hilum (Wan et al., 2012; Wang, 2017). Three starch granules were polygonal with multiple extrusion surfaces. Under the polarized light the extinction arm was vertical (Figures 3K,L). On the basis of our modern reference (Supplementary Figures 2J–M) and previous studies (Wan et al., 2012; Wang, 2017), those are similar to modern starch grains from roots of Pueraria lobata, with characteristic pressure facets. Although it is difficult to identify these starches at the species level, the shapes suggest they might come from roots and tubers.



Type 3

This group contained nearly round starch grains in which possessed an open and centric hilum, without any lamellae showing an extinction cross under the polarized light (Figures 3M,N). These starch granules were larger; the lengths of the A axis were 16 and 18 μm and those of the B axis were 15.1 and 17 μm. On the basis of published records (Piperno et al., 2004; Yang and Perry, 2013) and our modern reference (Supplementary Figures 3N–P), a bimodal size distribution of large and small granules with lenticular/discoidal or spherical in shape is one of the characteristics of cereal starches from the tribe Triticeae. Type 3 starch grains show the resemble morphologies with modern starch grains from the tribe Triticeae. We identify these grains belonging to the tribe Triticeae.



Type 4

One polygonal starch grain had a centric hilum, without any lamellae showing an extinction cross under the polarized light. The length of the major axis was 15.3 μm and that of the minor axis was 15.2 μm (Figures 3O,P). Modern reference (Yang and Perry, 2013) revealed that starch grains with polygonal shapes usually come from the caryopsis of Poaceae. Due to the limited number of starch grain, this type is tentatively classified as Poaceae.



Type 5

Twelve starch granules were included into this type because they are potentially diagnostic features. But they are not identified because they don’t match anything from our own and other published references (Figures 3I,J,Q–X). Four starch granules were defined by having a shared unique shape and probably represented a single plant taxon (Figures 3Q–T). Two more starch granules were sub-spherical and displayed a distinctive dark central vacuole (Figures 3I,J). The length of the major axis was about 11.3 μm, and that of the minor axis was about 8.6 μm. In addition, there were six starch granules (Figures 3U–X) that may have experienced processing damage based on previously published characteristics (Henry et al., 2009; Buckley et al., 2014).

In addition, two wood fragments with characteristic conifer tracheid fibers were identified in the dental calculus of Fuyan Cave hominins teeth (Figure 4A). Identifying features included tubular cells with parallel lines of small, regular, circular bordered pits that often display a “cross” feature in cross polarized light (Figures 4B,C and Supplementary Figure 4). The identified features were very similar to those described in Hardy et al. (2012) and Radini et al. (2016), which support that this evidence is indeed preserved in dental calculus. In one of Fuyan Cave hominins teeth (No. DX4), a potential tooth-picking mark was found under the digital microscope (VHX-600) and showed a groove in the crown with numerous fine and parallel scratches (Figures 4D–G).
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FIGURE 4
Wood fragments with characteristic conifer tracheid fibers in the dental calculus and parallel micro scratches in the groove of Fuyan Cave hominins teeth. (A) No. DX4 human teeth; (B) bordered pits of tracheid under unpolarized light from dental calculus; (C) bordered pits of tracheid and the “cross” feature under polarized light from dental calculus (Scale bar = 50 μm). (D) Parallel micro scratches in the groove of teeth, (E–G) parallel micro scratches in (D) at magnification 50×, 200× (Scale bar = 250 μm).





Discussion

Despite the modest amount of starch grains found in the dental calculus samples and the identifications are presented as possibilities that may become secure identifications with further comparative work, the results revealed direct evidence that early modern human ate acorns, roots, tubers, grass seeds, and other yet-unidentified plants as food. The microremains we extracted from the samples did not find any clues to rice remains of Holocene agricultural population crops, but showed the typical characteristics of hunter-gatherers in Late Pleistocene.

Forty percent of the starch grains analyzed were likely from acorns. These findings show that acorns were potentially an abundant food resource. Nuts generally refer to the acorns of Quercus, Lithocarpus, Castanopsis, Cyclobalanopsis, and other plants of Fagaceae. Nuts today are widely distributed in China (Yang et al., 2009; Yang, 2017), including around Fuyan Cave. Exploitation of acorns as a carbohydrate source is well documented in prehistoric and recent times. Starch grains on grinding stones and pottery from numerous sites in China have been reported from the Upper Paleolithic to the Middle Neolithic (Piperno et al., 2000; Yang et al., 2009; Liu L. et al., 2010; Tao et al., 2011).

Our study provides the earliest evidence that acorns may have played an important role in human subsistence strategies approximately 80 ka in Late Pleistocene China. We also provide evidence that these plants have been exploited for a long time, and that humans started using this food resource earlier than previously estimated. Some species of acorns, such as Castanopsis sp. and Cyclobalanopsis sp., constitute a particularly valuable nutritional source (Preedy and Watson, 2020). These plants probably increased intake of vegetable fat and would likely have facilitated early modern humans’ access to food energy.

Modern humans also need a mixture of dietary carbohydrates to support the normal functioning of the brain, red blood cells and reproductive tissue (Wong et al., 2006; Hardy et al., 2015). Roots and tubers are rich in carbohydrates (Hardy et al., 2018). Therefore, roots and tubers, as important food sources, are an important factor in early human body evolution. However, roots and tubers are perishable and difficult to preserve, and it is difficult to obtain their macro remains in most cases. In contrast, starch grains extracted from dental calculus are good direct evidence of root and tuber consumption (Chandler-Ezell et al., 2006; Henry et al., 2012). Starch granules of roots and tubers have been reported from numerous sites dating from the Paleolithic to the Neolithic (Li et al., 2010; Wan et al., 2012; Wang, 2017; Zhang et al., 2017).

Dioscorea starches have been found from grinding stones at the Shizitan site, which dates back to 28–18 ka (Yang et al., 2015; Liu et al., 2018). Our evidence indicates that humans in South China ate carbohydrates from roots and tubers, at least from 80 ka. Our findings greatly advance our understanding of the utilization history of roots and tubers.

Triticeae plant remains were first found at the Shizitan site as far back as 28 ka (Yang et al., 2015). Two Triticeae starch grains were also recovered from the dental calculus of human teeth from Fuyan Cave in Hunan, South China. Although only two grains were recovered, this indicated that the use of Triticeae plants began at least 80 ka. In addition to Triticeae, starch grains from other unknown seeds might also be found.

Our results showed that the earliest direct evidence for human use of these wild grass seeds for food in the MIS5 period was approximately 80 ka, which indicates a long-lasting tradition of using Triticeae plants for subsistence during the Late Pleistocene in China. These findings also suggest a very long history of Triticeae exploitation as part of broad-spectrum subsistence strategies prior to its domestication.

High intake of starch plants (such as acorns) can lead to a certain degree of dental caries because frequent consumption of carbohydrates is a key factor in the initiation and progression of this disease (Humphrey et al., 2014). One early modern human in Daoxian had obvious dental caries (Figure 2C) and starch grains likely from acorns such as Castanopsis sp. were also found in this individual’s dental calculus (No. DX7). This occurrence of dental caries may have been related to the consumption of carbohydrates found in acorns.

Acorns including Castanopsis sp. and Cyclobalanopsis sp. have tannin and need to be processed before human consumption (Mason, 1996; Xiao et al., 2006; Liu et al., 2018). The earliest acorns associated with pitted stone tools have been found at the Early Middle Pleistocene in the Near East (Goren-Inbar et al., 2002), suggesting that acorns were indeed processed and then consumed, probably before modern humans. Unfortunately, no stone tools have been found in Fuyan Cave, and it was not possible to reveal whether the site includes food processing activities such as nut processing. It is worth mentioning that some starch grains displayed damage possibly caused by food processing. Food processing technology seems to have developed much earlier than previously detected, and early modern humans in Fuyan Cave may have had this technology 80 ka.

Coniferous fragments were found in the dental calculus of two Fuyan Cave hominins teeth 80 ka. Similar remains were also found in the dental calculus of a Neanderthal population from a 49,000-year-old site in Spain (Radini et al., 2016). Trace analysis evidence suggested that Neanderthals were accustomed to rubbing material between teeth (Radini et al., 2016). Interestingly, signs of similar behavior were also found in the teeth of Fuyan Cave hominins (No. DX4). A groove with numerous fine and parallel scratches was also found from the same tooth of its crown located at the buccal aspect of the mesial cervical line and above the mesial interproximal wear facet (Figure 4A). Coniferous fragments were found in the attached dental calculus of the teeth in which scratches were found. The coniferous fragments (Figures 4B,C) and parallel fine scratches in the groove (Figures 4D–G) indicate that Fuyan Cave hominins habitually rubbed material between their teeth, similar to Neanderthals. This is important evidence of tooth-picking behavior in early modern humans in East Asia.

Our results support that consumption of increased amounts of starch may have provided a substantial evolutionary advantage for early modern humans in the late Middle and early Upper Pleistocene in East Asia because of the energy it supplied to their increasingly large brain and other glucose-dependent tissues.



Conclusion

We found acorns, roots and tubers, wild grass seeds, and other yet-unidentified starch grains from the dental calculus of Fuyan Cave hominins approximately 80 ka. This result reveals that these carbohydrates-rich foods played important roles in subsistence of the earliest modern humans in East Asia. Our study provides evidence of starch grains from acorns in dental calculus dating back at least 80 ka in South China. Additionally, starch grains that likely represent Triticeae were also found; although few were found, we should not underestimate the potential importance of wild grass foods as early as 80 ka in South China. Starch analysis of the earliest modern human dental calculus from Fuyan Cave documents definite consumption of plant food resources approximately 80 ka in the Late Pleistocene China. Furthermore, the discovery of different starch grains indicates that Fuyan Cave hominins may have ingested a variety of starchy plants to obtain carbohydrates and other energy to survive. Indeed, our study both reveals novel information about the diet of early modern humans in Late Pleistocene China and provides the earliest direct evidence for understanding the lifestyle of early modern humans in the late Middle and early Upper Pleistocene.
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Human livelihoods provided a crucial economic foundation for social development in ancient times and were influenced by various factors including environmental change, agricultural origin and intensification, as well as long-distance exchange and culinary tradition. The effect of geopolitical change on human subsistence, especially the shifts between agricultural and nomadic regimes, has not been well understood due to the absence of detailed historical records and archaeological evidence. During the 12th century, the control of the Zhengding area in Hebei Province of north-central China changed from the Northern Song (960–1127 CE) to the Jurchen Jin Dynasty (Jin Dynasty; 1115–1234 CE). Recent excavation of the Zhengding Kaiyuan Temple South (ZKS) site in the area provides a rare opportunity to study human livelihood transformation in relation to geopolitical change. In total, 21,588 charred crop caryopses including foxtail millet, wheat, broomcorn millet, hulled barley, and rice, and other carbonized remains including 55.15 g of boiled foxtail millet and 353.5 g of foxtail millet caryopses were identified, and nine AMS 14C dates of crop remains were obtained from the Northern Song and Jin layers at the ZKS site. This revealed that the dominant plant subsistence transformed from wheat to foxtail millet during the change from the Northern Song to the Jin Dynasties in Zhengding area. By comparing with historical documents and paleoclimate records, we propose that this abnormal shift of primary staple food from the relatively high-yield wheat to low-yield foxtail millet was induced by the traditional dietary preference for foxtail millet in the nomadic Jin society. The Jin government levied foxtail millet as taxation and promoted massive immigration from northeastern China to north-central China to consolidate their rule, which resulted in the adoption of foxtail millet as the most important crop in Zhengding area. The advantage for the cultivation of this frost-sensitive crop in north-central China over northeast China was probably enhanced by notable cold events during the 12th century, while the primary influencing factor for the transformation of human livelihoods in north-central China during that period was geopolitics rather than climate change.
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Introduction

The origin and spread of agriculture provided a stable economic foundation for the development of human societies and the establishment of ancient civilizations (Diamond and Bellwood, 2003; Iriarte et al., 2004; Chen et al., 2015a; Yang et al., 2022). China has long been accepted as one of the three independent world centers for the origin of crop-based agriculture (Zhao and Piperno, 2000; Fuller et al., 2009; Lu et al., 2009; Yang et al., 2012; Zuo et al., 2017). With methodological advances in archaeobotany such as flotation and radiocarbon dating, the development of agriculture and its influencing factors in prehistoric China have been intensively studied (He et al., 2017; Long et al., 2018; Li R. et al., 2020). Originating in the Yellow River basin in the early Holocene, millet agriculture (based on both foxtail and broomcorn millets) was established around 4000 BCE in northern China (Barton et al., 2009; Zhao, 2014). After the introduction of west Asian wheat in the third millennium, northern Chinese agriculture gradually transitioned from millet-based to wheat-based (Dodson et al., 2013; Dong G. H. et al., 2017; Zhang et al., 2017; Long et al., 2018; Liu et al., 2019). Scholars have demonstrated that the adoption of wheat in agriculture showed spatial-temporal variation before the Han Dynasty (202 BCE–220 CE), which was primarily promoted by climate change and technological innovation (Ma et al., 2016; Zhou et al., 2016; Dong Y. et al., 2017; Zhou et al., 2017). However, the development of agriculture in historical China, especially the way it transitioned, is still poorly understood.

The transformation of agriculture in historical China is more complex and has been widely debated (Han, 1999; Wang, 2016; Tian and Zhou, 2020; Zhao, 2020). According to historical documents, the agricultural pattern in China has changed from “rice in the south and foxtail millet in the north” to “rice in the south and wheat in the north,” with controversies remaining as to when and how it took place when based only on written records (Wang, 2000, 2016; Han, 2013). The archaeobotanical analysis is an important method for understanding the historical evolution of agriculture and has been carried out in different parts of the world during the historical periods, bridging the gaps in studies of ancient agriculture (Kennett and Marwan, 2015; Zhao, 2020). Previous interdisciplinary studies have proposed that geopolitics replaced climate change as the key driver in historical changes in agriculture (Shi et al., 2022; Wilson et al., 2022), such as those in the Central Andes (Kennett and Marwan, 2015; Wilson et al., 2022), in Europe (Messer, 1997), and northwestern China (Shi et al., 2022). Nevertheless, this type of interdisciplinary investigation has not focused on north-central China, due to the absence of detailed archaeobotanical evidence and accurate dating.

North-central China is located in the monsoon region and is sensitive to climate change, with good conditions for agricultural development due to the fertile soil and simultaneous rain and heat. As a dominant agricultural region close to nomadic areas, north-central China has been controlled by agrarian and nomadic regimes and characterized by complex geopolitical features throughout historical times. Thus, it is an ideal region to explore the transformation of agriculture and its influencing factors in the historical period. In the 10th–13th centuries, several powerful regimes coexisted in Northern China, including the nomadic regimes of Liao (907–1125 CE), Jin (1115–1234 CE), and Xixia (1038–1227 CE); and the agrarian regime of the Northern Song (960–1127 CE). This resulted in frequent conflicts, and eventually, Jin became the only nomadic regime occupying this agricultural region. However, it remains unclear whether the frequent changes in geopolitical patterns, especially the conversion of the agricultural Northern Song and the pastoralist Jin regimes, have influenced the agricultural economy in north-central China in the 10th–13th centuries.

The ZKS site is located in Zhengding County, Hebei Province, which is an important agricultural region close to the Sixteen Prefectures of Yanyun (燕云十六州, the natural barrier between agrarian regimes and nomadic regimes in northern China). It experienced regime change from the Northern Song to Jin in the 12th century and there are clear cultural layers of the two regimes at the site. The recent excavation, therefore, provides an excellent opportunity to explore how geopolitical patterns and climate change have influenced the development of agriculture in north-central China during the 10th–13th centuries. This paper is concerned with the identification of carbonized crop remains from the ZKS site and an accurate sequence based on the radiocarbon dating of short-lived crop caryopses, which was compared to the ceramic dates from the site and written records about Zhengding. In addition, we have used other archaeological data, and historical analysis including agricultural history and phenological events (Ge et al., 2003), as well as a paleoclimate record from lacustrine deposits of the Gonghai Lake in Northern China (Chen et al., 2015b). Together, this data allows us to examine the spatio-temporal variation of agriculture and to evaluate the natural and geopolitical factors influencing the changes to human livelihoods.



Study area and site background

Zhengding County, Hebei Province is in the middle and upper proluvial-alluvial plain in front of the Taihang mountain, with the Hutuo river crossing to the south (Figure 1). In Zhengding, the land is flat with elevations ranging from 105 to 65 m above sea level (a.s.l.). It has a continental monsoon climate, characterized by simultaneous rain and heat. According to the ground meteorological observation data from Shijiazhuang meteorological station in recent 60 years, the average annual precipitation is about 531 mm—mainly occurring during the summer season—and the average annual temperature is about 13.8°C.1 These natural conditions are beneficial to the development of agriculture. The main modern crops in Zhengding are grown in two different seasons, the first being winter wheat (Triticum aestivum), and the second being maize (Zea mays).2


[image: image]

FIGURE 1
The location of the study area and the sites mentioned in the text (Digital Elevation Model, http://www.gscloud.cn; approximate shapes of Chinese dynasties https://sites.fas.harvard.edu/~chgis/data): 1. Handong Cheng (Ma et al., 2020); 2. Oupanyao (Bai et al., 2017); 3. Xijincheng (Chen et al., 2010); 4. Liang Zhuang (Wu et al., 2010); 5. ZKS (this study); 6. Zhuangwocun (Zhao, 2020); 7. Heicheng (Shi et al., 2022); 8. Bayantala (Sun and Zhao, 2014); 9. Sun Changqing (Yang et al., 2010a); 10. Yongping (Yang, 2014a); 11. Changshan (Chen, 2019); 12. Lichunjiang (Yang et al., 2010b); 13. Luotongshancheng (Yang, 2014b).


Zhengding was an important Northern city in historical China, having been the seat of local government since the Han Dynasty (202 BCE–220 CE). The Yan mountains and their southern foothills were the natural barriers between the agrarian and nomadic regimes. During the Northern Song Dynasty (960–1127 CE), they were ruled by the Liao Dynasty (907–1125 CE), making Zhengding the front line for resistance to Liao cavalry and a place of strategic importance (the seat of Hebeixilu) for the Northern Song government. The Jin Dynasty, founded in northeastern China in 1115 CE, destroyed the Liao Dynasty in 1125 CE and occupied north-central China during 1125–1140 CE. Zhengding was captured by the Jin Dynasty in 1126 CE (Zhang, 1992) and retained its position as the seat of Hebeixilu.

Zhengding Kaiyuan Temple South has been excavated for 6 years since 2015 by the Hebei Provincial Institute of Cultural Relics and Archaeology. It is the first large-scale urban archaeological site in Hebei Province. The site covers a total area of nearly 12,000 and 3,664 m2 was systematically excavated. A large number of residential, artisanal, and commercial remains occurred in the Northern Song and Jin layers of ZKS site, which accounted for half of the total relic units, showing that both ordinary life and business characterized this period at ZKS site (Hebei Provincial Institute of Cultural Relics and Archaeology, 2019). Based on archaeological typology, layers 8, 7, and 6 at ZKS are dated to the Northern Song Dynasty, a period of coexistence between the Northern Song and Jin Dynasties, and the Jin Dynasty, respectively. The materials analyzed in this study were excavated from cultural layers, house foundations, and ash pits of layer 8 (Northern Song), layer 7 (Song-Jin), and layer 6 (Jin) (Figure 2).
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FIGURE 2
Images of the archeological sites and their cultural relics. (a) Location map of ZKS site; (b) general plan of the archaeological survey relics of the ZKS site; (c) relationship of cultural layers; (d) house foundation of F27; (e) porcelain bowls of the Northern Song Dynasty; (f) porcelain bowls of the Jin Dynasty.




Materials and methods


Flotation

In all, 66 samples (9 for layer 8, 34 for layer 7, and 23 for layer 6), totaling 382 liters, were collected for flotation analysis. Plant remains were obtained using 0.2-mm aperture sieves to collect the light fraction, and 1.25-mm aperture sieves to collect heavy objects. After drying and sorting through 0. 35-, 0. 7-, 1-, 2-, and 4-mm mesh sieves, all caryopses were selected using a 40 × stereo microscope. Carbonized plant caryopses were identified in the Paleoethnobotany Laboratory, Institute of Archaeology, Chinese Academy of Social Sciences.



Obtaining an accurate sequence by accelerator mass spectrometry 14C dating and bayesian chronological modeling

Nine charred crop samples (wheat and foxtail millet grains) were selected for accelerator mass spectrometry (AMS) 14C dating. The crop AMS 14C samples were prepared using standard pre-treatment (acid-alkali-acid) and measured at the MOE Key Laboratory at Lanzhou University. All dates were calibrated by the OxCal v4.4.4 program (Ramsey, 2009), using the IntCal 20 Atmospheric curve in all calculations (Reimer et al., 2020). Based on AMS 14C dating, ceramic dates from the site, and written records, Bayesian modeling of the 14C chronological data was performed using the built-in “Phase” function of the OxCal online program1 and IntCal20 curves (Reimer et al., 2020), using the “R_Date” function to enter the 14C dates. Each “Phase” included all 14C dates of a culture layer, and each “Phase” function was bounded by the “Boundary” function. The start and end time of each culture was constrained using this function, and the “Order” function was used to order the beginning and end of each culture. Furthermore, the “outlier” function was used for each 14C chronological measurement (Long et al., 2017), to ensure that the model was reliable (Ramsey, 2009). The Bayesian model results were reported as a range of 95.4 and 68.3% and the median-to-median range was used to determine the chronological range of different cultures (Long and Taylor, 2015; Guo et al., 2018).



Archaeobotanical analysis and yield estimation

Frequency (percentage or proportion of total crop remains) and ubiquity (number of samples in which it occurred) is the most commonly used measures for analyzing the structure of past agricultural activities in a targeted area (Pearsall, 2000; Zhao, 2010). Furthermore, there were significant differences between the weight of the grains of particular crop species, and the percentages of charred caryopses were not necessarily a close reflection of the actual yield of grains produced. The quantitative methods used to estimate the yield percentage (weight) of crops in the reference works of Shen (1955) and Zhou et al. (2016) have, therefore, been extensively employed (Sheng et al., 2018; Chen T. et al., 2020; Yang et al., 2021; Li et al., 2022; Shi et al., 2022). The function is as follows:
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Here, N1 = number of foxtail millet grains, F1 = 2.6, N2 = number of wheat grains, F2 = 35, N3 = number of broomcorn millet grains, F3 = 7.5, N4 = number of barley grains, F4 = 45, N5 is the number of rice grains, N6 = 26, and P (s) = actual yield percentage of that particular crop (Shen, 1955; Zhou et al., 2016; Sheng et al., 2018).



Multidisciplinary analysis

Historical documents and studies, as well as paleoclimate records and published archaeobotanical (macrofossil) data from relevant sites in different regimes in China during the 10th–13th centuries, were also reviewed. The study sites were plotted on a map made in Arc GIS10.2 based on longitude and latitude reported in the papers or estimated coordinates from other locality details provided; open access files obtained from GIS datasets for the approximate distributions of Chinese dynasties at Harvard University were also shown in the map.3




Results


Radiocarbon dating

Radiocarbon dates of crop remains are shown in Table 1. Two radiocarbon dates from culture layer 8 and the ash pit sealed by layer 8 were dated to around 895–1029 CE (LZU-21637, 21638). Two radiocarbon dates from culture layer 7 and two dates from the ash pit sealed by layer 7 were dated to around 774–1031 CE (LZU-21639, 21640, 21641, 21642). Two dates from culture layer 6 and one date from the house foundation sealed by layer 6 were dated to around 1033–1220 CE (LZU-21644, 21646, 21645). According to the historical documents, the reigning period of the Northern Song (960–1126 CE) and Jin (1126–1226 CE) Dynasties in Zhengding (Zhang, 1992) correspond to the radiocarbon dates of layers 8 and 6, respectively. All the ranges of the radiocarbon dates from layer 7 were before 1126 CE, indicating that plant remains from layer 7 came from the Northern Song Dynasty. Our analysis suggests that layer 8 and layer 7 were formed at the same time during the Northern Song Dynasty, while layer 7 in the upper stratum was disturbed and mixed with remains from the Jin Dynasty in the later period. The results from the Bayesian model (Figure 3) are given for the Northern Song Phase (968 CE∼1008 CE) and Jin Phase (1134 CE∼1195 CE).


TABLE 1    Radiocarbon dates from ZKS site. Calibrated ranges are given at 68.2 and 95.4% probabilities using OxCal 4.4 and the IntCal20 curve.
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FIGURE 3
Radiocarbon dates from ZKS site, 2020 excavation calibrated in a Bayesian model incorporating stratigraphy and phasing, using OxCal 4.4 software.




Crop assemblages in the Zhengding Kaiyuan Temple South site under the Northern Song and Jin Regimes

A total of 21,588 charred crop caryopses were identified from the 382 flotation samples collected. These included five types (Table 2 and Figure 4): 21,413 foxtail millet (Setaria italica) caryopses, 133 wheat (Triticum aestivum) caryopses, and 39 broomcorn millet (Panicum miliaceum) caryopses, two hulled barley (Hordeum vulgare) caryopses, and one rice (Oryza sativa) caryopsis. Charred foxtail millet was the most common grain, while wheat ranked second among all crops identified.


TABLE 2    Results of counts of crop remains in the floatation samples from ZKS site.
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FIGURE 4
Domestic crops recovered from ZKS site. (A) Foxtail millet; (B) wheat; (C) broomcorn millet; (D) hulled barley; (E) rice; (F–H) boiled plant containing foxtail millet caryopses.


Based on the new radiocarbon dates and archaeobotanical data, we can draw a summary of crop utilization in the Zhengding area during the Northern Song and Jin Dynasties. The percentage, weight proportion, and ubiquity of different crops are not equivalent in different periods (Table 2 and Figure 5). Five types of crops were recorded from the Northern Song Dynasty: 403 foxtail millet caryopses (79.0% by number; 24.2% by weight), 87 wheat caryopses (17.1% by number; 70.2% by weight), 17 broomcorn millet caryopses (3.3% by number; 2.9% by weight), two hulled barley caryopses (0.4% by number; 2.1% by weight) and one rice grain (0.2% by number; 0.6% by weight), indicating mixed agriculture based on dry farming of foxtail millet and wheat. According to the estimated actual yield percentage, it is likely that wheat was the predominant crop, and foxtail millet ranked second, supplemented by broomcorn millet and hulled barley. By comparison, rice seemed to have a little effect based on this result. According to written records, a large number of artificial ponds were constructed for resisting the cavalry of the Liao Dynasty, and these provided conditions for the growth of rice, although its cultivation seemed to be poorly managed and had a limited role in human livelihoods (Han, 1993).
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FIGURE 5
Comparison of number proportion, weight proportion, and ubiquity of different crops in (A) Northern Song Dynasty and (B) Jin Dynasty in ZKS site.


Three crop types were discovered in the ZKS site from the Jin Dynasty. Foxtail millet played the dominant role with 21,020 caryopses accounting for 99.7% by number and 96.8% by weight. As supplements to the foxtail millet, 46 wheat caryopses and 22 broomcorn millet caryopses accounted for 0.2 and 0.1% by number, and 2.9 and 0.3% by weight, respectively. In addition, 353.5 g of foxtail millet caryopses and 55.15 g of boiled porridge made of foxtail millet, although not involved in the proportion in order not to affect the statistical results, provided further evidence for foxtail millet being the dominant stable food in the livelihood of people.




Discussion


Agricultural patterns under different regimes in China during the 10th–13th centuries

Multiple regimes established by agrarian and nomadic peoples existed in China from the 10th to the 13th centuries and engaged in significantly different livelihoods during the period. To achieve a better understanding of the cropping patterns under different ethnic regimes, we reviewed macrobotanical data and written records from different regimes during the 10th–13th centuries in China, including the Song (960–1127 CE of Northern Song and 1127–1279 CE of Southern Song), the Jin (1115–1234 CE), the Liao (907–1125 CE), and the Xixia (1038–1227 CE) Dynasties (Figure 6).
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FIGURE 6
Comparison of estimated actual yield proportions of ZKS and other sites: 1. Handong Cheng (Ma et al., 2020); 2. Oupanyao (Bai et al., 2017); 3. Xijincheng (Chen et al., 2010); 4. Liang Zhuang (Wu et al., 2010); 5. ZKS (this study); 6. Zhuangwocun (Zhao, 2020); 7. Heicheng (Shi et al., 2022); 8. Bayantala (Sun and Zhao, 2014); 9. Sun Changqing (Yang et al., 2010a); 10. Yongping (Yang, 2014a); 11. Changshan (Chen, 2019); 12. Lichunjiang (Yang et al., 2010b); 13. Luotongshancheng (Yang, 2014b).


The archaeobotanical analysis of ZKS shows that wheat was the dominant staple food in the Northern Song, and we found that it was similar to other sites under the control of the Song and the Xixia regimes (Figure 6). The sites of Xijincheng in Henan Province and Oupanyao in Anhui Province, dated to the Tang and Song Dynasties, produced 34 and 318 wheat caryopses, respectively, accounting for 75 and 87% of the total yield of crops, with millets and barley as supplements (Chen et al., 2010; Bai et al., 2017). Located on the upper reaches of the Yangtze River, the Handong Cheng site remained under the control of the Song Dynasty (960–1279 CE) during the 10th–13th centuries, producing 155 millet caryopses, 380 wheat caryopses, 478 rice caryopses, and other plant caryopses (Ma et al., 2020), indicating that wheat (50% of the yield percentages) and rice (46% of the yield percentages) were the dominant crops. According to the written records, a two-tax law was adopted in the Song Dynasty (960–1279 CE), with wheat or cash crops paid in the summer and foxtail millet or rice paid in the fall (Ma, 2012), showing that the double staple grain model was implemented, with wheat being the main grain in both the north and the south (Min et al., 1983; Han, 2013). Neighboring the Northern Song Dynasty, the Xixia Dynasty (1038–1227 CE) also maintained wheat-based agriculture with wheat and barley caryopses contributing 52 and 39% in the yield percentages recovered from Heicheng site in the lower reaches of Hei River (Shi et al., 2022). In addition, wheat was also recorded as the main taxable crop in Hexi corridor during the Xixia Dynasty (Wang, 1982; Li, 2002; Ma, 2012).

The archaeobotanical results from ZKS indicate that the dominant staple food changed to foxtail millet in the Jin period, with most sites under the Jin regime in northeastern and north-central China showing the same trend, except one in the agro-pastoral region of the Loess plateau. Six original sites from the Liao and Jin Dynasties show that millets were the dominant crops during the 10th–13th centuries. They had 300, 1133, 931, 830, 3146, and 418 carbonized millets caryopses identified (Yang et al., 2010a,b; Sun and Zhao, 2014; Yang, 2014a,b; Chen, 2019), contributing 100% of the yield percentage in two of the sites, and more than 85% in four of the sites which were supplemented by a few wheat and barley caryopses. According to the written records and zooarchaeological data, the Jurchen lived a life of millet-based agriculture, together with pastoralism, fishing, and hunting in the native land of the Jin Dynasty (Han, 1999; Liang et al., 2018). After the regime in north-central China changed to the Jin Dynasty, 21,032 and 49,980 carbonized millet caryopses accounting for over 90% of the yield percentages occurred in the ZKS (this study) and Liang Zhuang (Wu et al., 2010) sites, which were located in Hebei and Shandong Provinces, respectively. In addition, the boiled foxtail millet unearthed from ZKS site was identified as carbonized porridge, which also occurred in other city sites during the Liao and Jin Dynasties (Institute of Archaeology, Chinese Academy of Social Sciences, 2022). This suggested that porridge made of foxtail millet was commonly eaten by people living in the Jin Dynasty. However, Zhuangwocun, located in the agro-pastoral region of the Loess plateau, produced 422 wheat caryopses and spike-stalks in the Liao and Jin periods (Zhao, 2020), contributing 90% of the yield percentage. Combined with 301 forage weed caryopses, this suggests that wheat-based agriculture and pastoralism were the main livelihoods in that region (Zhao, 2020). In addition, scenes of agricultural and pastoral lifestyles coexisted in frescoes of the Liao and Jin Dynasties in Datong, indicating an agro-pastoral economy there (Wang, 2021).

In summary, wheat-based agriculture was carried out in north-central China during the Northern Song (960–1127 CE) Dynasty. Wheat-barley and wheat-rice cropping systems were used in northwestern and southwestern China under the Xixia (1038–1227 CE) and Song (960–1279) regimes, respectively. In the Jin Dynasty (1115–1234 CE), the agricultural condition was complex. The native residents of the Jin Dynasty were engaged in millet-based agriculture in northeastern China. North-central China experienced regime change from the Northern Song to Jin in the 12th century, during which the dominant staple food transformed from wheat to foxtail millet. At the same time, people in the agro-pastoral region of the Loess plateau adopted a lifestyle of wheat-based agriculture and pastoralism during the Liao and Jin periods.



Factors influencing agricultural systems in China during the 10th–13th centuries

Scholars have demonstrated that the transformation of human livelihoods can result from past changes in both climate and society (Chen et al., 2015a; Ma et al., 2016; Zhou et al., 2016; Dong G. H. et al., 2017; Li R. et al., 2020). To explore the variables behind changing agricultural systems of humans in the historic period, we produced a PANN (annual mean precipitation) reconstruction from lacustrine deposits of the Gonghai Lake in Northern China (Chen et al., 2015b; Figure 7A); a half-year winter temperature reconstruction from phenological cold/warm events recorded in Chinese historical documents in eastern China (Ge et al., 2003; Figure 7B), China-wide temperature composites established by combining multiple paleoclimate proxy records obtained from ice cores, tree rings, lake sediments and historical documents (Yang et al., 2002; Figure 7C); a count of the number of wars (The Compilation Group of Military History of China, 2003; Ge et al., 2014; Figure 7D), and a population scale for the Northern Song and Jin Dynasties (Wu, 2000; Figures 7E–G). These were compared with the archaeobotanical results (Figure 7H).
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FIGURE 7
Comparison of estimated actual yield percentage (H) of major crops with historical and climatic records: (A) Reconstructed PANN from Gonghai lake (Chen et al., 2015b); (B) winter half-year temperature anomaly change in eastern China (Ge et al., 2003); (C) China-wide temperature composites established by combining multiple paleoclimate proxy records (Yang et al., 2002); (D) war number (Ge et al., 2014); Households number of (E) Northern Song and (F) Jin dynasties and (G) Zhengding prefecture (Wu, 2000). The blue strip represents the cold event in the 12th century.




The impact of geopolitics on the transformation of agricultural systems

Changes in the geopolitical patterns in historical periods have been demonstrated to significantly affect the agricultural structure (Messer, 1997; Han, 1999; Wilson et al., 2022). There were multiple powerful regimes existing in Northern China during the 10th–13th centuries, with frequent conflicts between regimes and significant changes in their territories, which might be related to the changing situation of agricultural systems in this period (Han et al., 2012; Ma et al., 2020; Shi et al., 2022). The Northern Song was founded in 960 CE, neighboring the Liao Dynasty (907–1125 CE) to the north and the Xixia Dynasty (1038–1227 CE) to the west, with frequent wars in the early years (Ge et al., 2014; Figure 7C). Since the signing of the Chanyuan Alliance (澶渊之盟, the peace treaty between the Northern Song and Liao dynasties) in 1005 CE, a society under the Northern Song Dynasty was stabilized, promoting rapid population growth and increasing demand for food (Wu, 2000; Figure 7D), which might have enhanced the importance of high-yield wheat. According to written records, water conservancy facilities for artificial irrigation increased frequently, and the times of repair reached 10,793 in 7 years of the reign of emperor Song Shenzong (Zhang, 1990). Techniques of wheat cultivation and wheat-based cooking also developed markedly in the Northern Song Dynasty, with steamed stuffed buns, wheat cakes, and noodles occurring frequently in the texts (Meng and Deng, 1982; Wang, 2016). The population pressure, together with the development of planting and cooking techniques may, therefore, have helped promote the establishment of wheat-based agriculture in the Northern Song Dynasty.

During 1115–1141 CE, frequent wars took place between Liao, Jin, and Northern Song Dynasties in northeastern and north-central China, which was later occupied by the Jin Dynasty. These conflicts resulted in economic losses and mass migration from north-central China. On the one hand, migrants might have brought advanced techniques for cultivating and cooking wheat to areas such as the south and northwest (Wu, 2000; Li, 2002), ultimately leading to the formation of wheat agriculture in these areas where the previous dominant crops were rice and foxtail millet, respectively (Han et al., 2012; Ma et al., 2020; Shi et al., 2022). On the other hand, to restore the business and consolidate their rule, the Jin government set north-central China as a key area for management, and encouraged the immigration of about three million Jurchen people from the northeast, providing them with fertile land and agricultural tools (Xie, 1986; Liu, 1994; Han, 1999). Based on demographic calculations, 73.1% of the immigrant Jurchen people were placed in Hebei and Shandong provinces (Liu, 1994). The land given to the Jurchen people amounted to about one-third of the agricultural land in the region (Han, 2000), which might have been a shock to the resident people and their agriculture. Moreover, the Jin government targeted foxtail millet, the major crop grown in the native land of the Jurchen, as the most common taxation source, and relied on it for army provisions, official salary, and granaries (Han, 1999). Inevitably, the Han people were influenced and converted to foxtail millet as the main crop for their livelihoods. For example, a bowl of foxtail millet appeared in a Han tomb from the Jin Dynasty (Chang, 1959), and carbonized porridge made of foxtail millet was a common food on sites of the Jin Dynasty (this study; Institute of Archaeology, Chinese Academy of Social Sciences, 2022), In addition, the archaeobotanical data in this study and Wu et al. (2010) found a simultaneous shift of the dominant crop from wheat to foxtail millet in north-central China.

Because foxtail millet has a lower yield and nutritional value than wheat (Monfreda et al., 2008; Mueller et al., 2012; D’Alpoim and Butler, 2014), it seemed unusual for the dominant crop to shift from wheat to foxtail millet. In the Loess plateau, which was not a traditional agricultural area, there was no resettlement of migrants by the Jin government, and the area continued to maintain livelihoods based on wheat and pastoralism (Zhao, 2020; Wang, 2021). The agricultural districts like Hebeilu in north-central China, which was one of the top tax-paying areas, produced large supplies of foxtail millet, which were transported to densely populated cities like Yanjing (Beijing) and Bianjing (Kaifeng) for consumption (Xie, 1990; Han, 1999). We suggest, therefore, that government policies on immigration and taxation, which were in favor of the Jurchen people and their native crop, resulted in the changes to the agricultural systems and human livelihoods in north-central China during the Jin Dynasty. The change of regimes in Northern China also led to agricultural transitions toward wheat in the south and northwest due to mass migration bringing technologies of wheat cultivation and processing. What is puzzling is why did the Jurchen choose to maintain the distinctive agriculture based on millets in the 10th–13th centuries?



Relationship between the natural environment and agricultural systems in Northern China

Previous studies have shown that geopolitics is not the only factor influencing agricultural patterns in the past, environmental factors also played an important role (Chen et al., 2015a; Ma et al., 2016; Zhou et al., 2016; Dong Y. et al., 2017). There are various natural environmental conditions in Northern China, such as the higher latitudes having lower temperatures, which have a critical impact on the geographical distribution and yield of crops. With simultaneous rain and heat, and a relatively long frost-free period, north-central China provides favorable conditions for agricultural development and therefore has a long agricultural history (Yang et al., 2012). However, northeastern China is located between latitudes 40°N–53°N, with extremely long cold winters, and short summers suitable for plant growth. The modern crop growing season in the northeast is about 130–210 days, compared to the growing seasons of 240–270 days in north-central China, so the duration of crop growth was crucial for agriculture in the northeast. The maturation period of wheat is 230–270 days, while millets which only need 80–120 days to mature (Weber et al., 2010) are more suitable for growing in the northeast than wheat. There were other short-term crops, like soybean, sorghum, and cultivated barnyard millet, which meet the mobile livelihood style of nomadic Jurchen people, widely regarded as the native crops of the Jurchen according to the written records and archaeobotanical data (Han, 1999; Yang et al., 2010a, Yang, 2014a). Moreover, wheat needs 800–1,100 mm average annual rainfall, which is two or three times more than millets (Shrestha et al., 2017). Reconstructions from Gonghai Lake pollen cores indicate that the average annual precipitation in Northern China ranged between 370 and 535 mm in the 10th–13th centuries (Chen et al., 2015b; Figure 6), meaning that artificial irrigation would be needed for wheat cultivation there. The Jurchen maintained a slave-like society before the invasion of central China, so limiting the potential for social organization, which might impede the construction of the labor-intensive irrigation facilities, as well as the development of wheat cultivation (Xie, 1990; Han, 1999). A humid and semi-humid climate due to low evaporation made northeastern China rich in natural resources, providing the Jurchen with the basis for mixed livelihoods based on fishing, hunting, pastoralism, and agriculture (Han, 1999, 2000). However, a significant cooling in the 11th–12th century in Northern China can be observed in the phenological records and the reconstructed temperature established by paleoclimate proxy records (Zhu, 1973; Yang et al., 2002; Ge et al., 2003; Marcott et al., 2013). For example, the two snow disasters in 1078 CE and 1126 CE were listed as the most serious strong cold wave disasters in the Northern Song Dynasty (Wen and Ding, 2008). The cold events might have affected the production of natural resources and frost-sensitive millet agriculture in the northeast, as well as the boundaries of the agro-pastoral intersection (Chen F. H. et al., 2020), and perhaps have been one of the reasons for the wars launched by the Jin Dynasty over agricultural resources. Eventually, the traditional dietary preference for foxtail millet in Jurchen society promoted the transformation of human livelihoods from wheat-based to foxtail millet-based agriculture in north-central China.

Combined with previous studies on the development of agriculture in ancient China, our findings show that the conversion from foxtail millet to wheat was a complex process influenced by several factors, including natural and geopolitical variables (Han, 1999; Ma et al., 2016; Li X. et al., 2020, Li et al., 2022; Shi et al., 2022). Because of the different growth characteristics of wheat and foxtail millet (wheat is frost-tolerant but drought-sensitive while foxtail millet is drought-tolerant but frost-sensitive), wheat was first grown as a supplement to foxtail millet, driven by food scarcity triggered by climate change, especially the cooling event (Ma et al., 2016; Zhou et al., 2016, 2017; Dong Y. et al., 2017; Li X. et al., 2020). The shift to greater acceptance of wheat occurred in the Wei and Jin dynasties (220–420 CE) as well as the Tang and Song dynasties (618–1279 CE). These are periods in Chinese history when massive population migration took place and contributed to the spread of wheat processing and farming technologies, thus expanding the land under wheat cultivation (Lin, 1984; Han, 1999; Bao and Li, 2015; Shi et al., 2022). Moreover, the implementation of two taxes levied in summer and autumn since the Tang Dynasty might have reflected rotations of winter wheat with foxtail millet or rice, offering important evidence for the establishment of wheat as the dominant crop (Yan and Chen, 2012; Han, 2013; Wang, 2016). To this extent, the progression of wheat was controlled by socio-political and technological factors. However, in the target region of north-central China, we find that although wheat took over dominance from foxtail millet during the Northern Song Dynasty (960–1127 CE), the dominant crop could turn back to foxtail millet under the nomadic regime of Jin (1115–1234 CE), reminding us that there were significant dietary differences between farming and nomadic peoples. The development of agriculture in historic China is a complex process affected by environmental conditions, dietary tradition, climate change, and most directly in this case study, geopolitics.




Conclusion

In this paper, we present nine AMS 14C dates obtained from short-lived plant remains, combined with ceramic and historical dates, as well as establish an accurate chronology for the Northern Song and Jin layers of the ZKS site. The results show that the plant remains of layers 8 and 7 belonged to the Northern Song Dynasty (960–1127 CE), and plant remains of layer 6 were from the Jin Dynasty (1115–1234 CE). The archaeobotanical analysis also shows that the dominant crop for people’s livelihoods altered from wheat to foxtail millet during the regime change from the Northern Song to the Jin dynasties in Zhengding. In comparison to historical documents and paleoclimate records, this abnormal shift was induced by the Jin government policies on immigration and land taxation, which favored the Jurchen people and their native crops. In addition, a significant cooling in the 12th century in Northern China might have disrupted the frost-sensitive millet agriculture in the northeast and resulted in wars against north-central China for agricultural resources. In summary, we propose that the primary influencing factor for the transformation of human livelihoods in north-central China during the 10th–13th centuries was geopolitics and that climate change indirectly affected this process.
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Footnotes

1     http://data.cma.cn/

2     http://www.zd.gov.cn/col/1584426346749/index.html

3     https://sites.fas.harvard.edu/~chgis/data/hartwell/
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The transition from hunting and gathering to agricultural subsistence is a striking feature of the Neolithic revolution worldwide. Known as the cradle of a series of representative Neolithic cultures, south Hangzhou Bay (SHB) witnessed substantial changes in both landscape and human subsistence during the Holocene, yet the relationship between them was not well established. Here, we combined archaeobotanical results from sediment cores with archaeological findings to illustrate the subsistence changes during the Neolithic regime in the context of the landscape process in SHB. Our result showed that SHB was inundated by marine transgression 8,200 years ago without significant human imprints. At 8,200–7,600 cal yr. BP, the initial coastal wetland formation at locations with the semi-enclosed landscape would have facilitated the activities of hunting-gathering, incipient rice cultivation, and collecting seafood if accessible. Pollen and phytoliths evidence from multiple sediment cores in the Yaojiang Valley (YJV) suggested a desalinization process of wetland in the following hundreds of years. This amelioration of the environment had favored the intermittent rice cultivation at various locations in the YJV, where archaeological evidence was absent. Since 7,000–6,600 cal yr. BP, as freshwater wetland expanded with coastal progradation, a wide variety of food resources became available. Meanwhile, rice domestication began to serve as a crucial food supplement as evidenced by both microfossil results and archaeological findings. With the expansion of the coastal plain after 5,500 cal yr. BP, rice farming became widespread and rice consumption was increasingly important in the diet, as supported by discoveries of upgraded farming tools, abundant rice remains, and ancient rice paddies. Above all, the change of subsistence from hunting-gathering to rice farming exhibited an adaptive strategy in response to landscape evolution from an initial marine-influenced setting to a later coastal plain.

KEYWORDS
 pollen, phytoliths, Holocene, geomorphic evolution, rice exploitation


Introduction

During the post-glacial global warming period, agricultural economies featuring crop cultivation and animal domestication began to appear (Bellwood and Diamond, 2005; Bar-Yosef, 2011; Fuller et al., 2014). The transformation from reliance on hunting-gathering to farming economies is one of the most phenomenal changes in the history of human civilization (Childe, 1936; Diamond, 2002). In particular, the cultivation, management, and domestication of rice by Neolithic ancients are critical in the transition of the ecosystem from entirely natural to a situation severely affected by human communities. Meanwhile, changes in the spectrum of food resources and their internal mechanism are essential issues in geo-archaeology over the past decades (Bellwood, 2005; Pan and Yuan, 2018, 2019; Hu, 2021). However, the impetus for humans to shift from hunting-gathering to domestication remains uncertain (Childe, 1936; Bar-Yosef, 2011; Fuller et al., 2014). On various spatio-temporal scales, environmental change has been considered a very indispensable element for the rise and fall of prehistoric cultures and the subsistence strategies that have interacted and co-evolved with cultural development (Childe, 1936; Bar-Yosef and Belfer-Cohen, 1992; Lucas et al., 2017; Zheng et al., 2017; Liu et al., 2021).

In the past few years, the south Hangzhou Bay (SHB) coast of eastern China has been recognized as a core region for the initiation, development, and dispersal of rice cultivation and domestication through a series of Neolithic cultures on the coastal lowlands. The prolonged Neolithic history traced back to 11,000 years ago has provided solid records of the human-landscape interactions. The relationship between Holocene sea-level changes and subsequent depositional evolution in the SHB has been outlined based on numerous sediment cores (Lin et al., 2005; Zhang et al., 2014; Liu et al., 2021). Previous studies have established the marine transgressive and retrogressive sequence by microfossil and geochemical evidence (Liu et al., 2014; Dai et al., 2018). However, most of these studies paid attention to the universality and general changes of the environmental change on a broader spatial scale, yet differences in local topographic and geomorphologic evolution were not well-presented in detail. In particular, how specific locations responded to the regional environmental change was not clearly illustrated, especially for those locations that were selected by the early settlers. The differences in the evolution of local environments may have a non-negligible impact on the strategy of human activities.

Recent research on plant remains and microfossils obtained from archaeological sites have provided new clues on how Neolithic humans would react in case of environmental changes. These studies have made in-depth explorations into the development of Neolithic cultures and the strategy of food selection. Nevertheless, the succession of sedimentary records and plant traces obtained from archaeological sites might have been compromised by human interferences, constraining a comprehensive understanding of the human-landscape relation.

In this paper, we synthesized palaeo-environmental records from our new sediment cores (TJA and YJ1504) and published records close to archaeological sites to complement the archaeological findings. Aside from a series of AMS-14C datings, we also applied grain size, phytolith, pollen, foraminifera, and algae analysis to ensure a detailed reconstruction of environmental evolution and human activities. In addition, by incorporating published records that cover various spatial and temporal information on the human-landscape interactions in the SHB, we hope to present new insights into the differentiated environmental changes on the local and regional level, as well as the associated subsistence patterns and adaptive strategies chosen by the Neolithic people. This study would shed light on the evolution of Neolithic subsistence changes corresponding to various environmental processes and would provide a new understanding of the vivid human-landscape combat of our ancestors.



Materials and methods


Physical setting

The Yaojiang Valley is located at the eastern part of the Ningshao Plain on the eastern coast of China, with an average elevation of about 3 m (Figure 1). Low mountains and hills are distributed on the north and south sides of the valley, with Siming Mountain in the south and Cinan Mountain in the north. The Yaojiang River passes through the Yaojiang Valley from east to west to join the Fenghua River on the Ningbo Plain and, form the Yongjiang River which flows into the Hangzhou Bay. This area is often affected by typhoons and storm surges due to its location in the path of the Pacific typhoon and the low-lying coastal topography.

[image: Figure 1]

FIGURE 1
 (A) Geographic background and location of the study area. (B) Location of the lower Yangtze river. (C) Location of the Yaojiang valley. (D) Location of the TJA core. (E) Location of the YJ1504 core. Red dots represent archaeological sites and black triangles represent cores mentioned in the present study. The location of the core sites of TJA and YJ1504 is marked with the black and white dots. SS, Shangshan site; XHS, Xiaohuangshan site; KHQ, Kuahuqiao site; JTS, Jingtoushan site; TJA, Tongjia’ao site; TLS, Tianluoshan site; HMD, Hemudu site; XJS, Xiangjiashan site; FJS, Fujiashan site; YS, Yushan site; HJ, Hejia site; XWD, Xiawangdu site; BMH, Baimahu core; LJ, Luojiang core.


The study area sits in the subtropical region of southeastern China. The average temperature in January is ~4 °C, the average temperature in July is ~28 °C, and the average annual precipitation is about 1,100 mm (Ningbo Chorography Codification Committee, 1995). The study area is rich in vegetation, mainly in the subtropical evergreen broad-leaved forest. The main group species and dominant species include Fagaceae, Lauraceae, Magnoliaceae, and Theaceae. Wetlands and lakes are generally distributed in the plain area, mainly covered with freshwater herbs including Typha, Phragmites, and Chenopodiaceae; aquatic plants mainly include Nelumbo, Zizania latifolia, Sagittaria, Azolla, Trapa, and Euryale ferox. The mountainous area is composed of evergreen and deciduous trees, including Quercus, Castanopsis, Morus, Juglans, Liquidambar, as well as Pinus massoniana and Cyclocarya, etc. The higher altitudes of the study area are covered with coniferous forest species including pines (Wu, 1980).



Core retrieval

Two sediment cores were newly drilled to reconstruct the palaeo-environmental and vegetational changes and human activities. We used a real-time kinematic (RTK, model: ZGP800A) measuring system to obtain the ground elevation of the cores referring to the National Huanghai Datum. Core TJA (1.65 m above mean sea level) was obtained at the Tongjia’ao archaeological site from the north part of the YJV in 2019 using an Acker drill rig (Figure 1). Sedimentological, chronological, and microfossil analyses including phytolith, pollen, charcoal, dinoflagellate, and foraminifera were employed to provide new pieces of evidence of sedimentary environments and food strategies in the study area during the Neolithic period.

Core YJ1504 was 1 km south to Jingtoushan archaeological site in the northwest part of the YJV, with a ground elevation of 1.12 m above mean sea level (Figure 1). The lithology of core YJ1504 was published in Liu et al. (2018), and we analyzed phytoliths and algae in the present study to decode the history the local environmental change and human activity. In addition, information on sediment cores and archaeological findings in the SHB were extracted from published literature and incorporated into the present study to help establish regional palaeo-environmental and archaeological contexts.



Site descriptions


Tongjia’ao archaeological site

The Tongjia’ao site was located on a small alluvial plain semi-enclosed by hills only several hundred meters nearby. Archaeological excavations on the Tongjia’ao site indicated human occupation at the site since ca. 7,000 cal yr. BP, which equals to the first phase of Hemudu Culture (Ningbo Municipal Institute of Cultural Relics and Archaeology, Cixi Museum, 2012). Bone farming tools, Si (plough), were unearthed from the early cultural layers (Supplementary Table S1) in addition to multiple potteries related to food and water storage. More importantly, a paved road was discovered at the site, though its function was unclear yet.



Jingtoushan archaeological site

The Jingtoushan site was located in the YJV, and its cultural layers were buried 7–11 m below the ground surface. Human occupation at the site was dated back to 8,300–7,800 cal yr. BP, which was much earlier than the Hemudu culture, and is contemporary to the occupation at the Kuahuqiao site. Remains of freshwater plants, fruits and animal bones surfaced at the site, as well as marine sourced fish bones, bivalve shells and oyster shells (Supplementary Table S1). Rice remains and macrofossil evidence also indicated the usage of rice at the site (Zhejiang Provincial Institute of Cultural Relics and Archaeology, Ningbo Institute of Cultural Heritage Management, Yuyao Hemudu Site Museum, 2021).




Ages and calibrations

In total, 10 samples of different materials, including plant fragments (PF), peat and organic matter (OM), were taken from core TJA for accelerator mass spectrometry (AMS) radiocarbon dating. In YJ1504, three dates were collected from Liu et al. (2018) and five additional dates were obtained using PF, OM, charcoal (CH), and shell. The AMS 14C dating was performed at the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS) in Xi’an, China and the Beta Analytic radiocarbon laboratory for dating. All these 14C dates were calibrated by Calib Rev. 7.0.4 using the IntCal 13 and Marine 13 curve to standardize the chronology from different cores (Reimer et al., 2013).



Grain-size analysis

In total, 320 and 86 samples of the core TJA and core YJ1504 were collected for grain size analyses. The sampling intervals were 2 cm of the core TJA and 10 cm of the core YJ1504. Samples were first dried before being treated with HCl (10%) and H2O2 (10%) to remove carbonates and humic acid, respectively. Finally, Na(PO3)6 was added to disperse the sediment sample before testing. Grain-size frequency distributions were made with a Beckman Coulter Laser Diffraction Particle Size Analyzer (LS13320), which has a measurement range of 0.02–2,000 μm. All these pretreatment and measurement were performed at the State Key Laboratory of Estuarine and Coastal Research (SKLEC) in Shanghai, China.



Microfossil analysis

A series of microfossil analyses were employed to reconstruct the palaeo-environmental change at the studied sites, with emphasis on the impact of marine influence over time.



Phytoliths analysis in TJA

In total, 52 samples were collected from core TJA at approx. 10 cm intervals at 10–490 cm and 20 cm intervals at 500–580 cm. A wet digestion method was used to extract phytoliths: about 5–6 g of dry sediment was placed in a tube; 10 ml of H2O2 was added to get rid of the OM and 5 ml of HCl was added to remove the carbonates; phytoliths were then extracted by ZnBr2 (2.35 g/cm3); finally, the recovered phytoliths were preserved in with neutral balsam. A minimum of 300 phytoliths were counted for each sample with a Nikon microscope at 400× magnification. All the phytoliths were classified according to modern references and published criteria (Wang and Lu, 1992; International Committee for Phytolith T, 2019). In addition, three rice phytoliths types, including rice bulliforms, paralleled bilobates, and double-peaked glume cells were distinguished (Gu et al., 2013).



Foraminifera analysis in TJA

There were 65 samples taken from the TJA core for foraminifera identification. The sampling interval is 10 cm at depths of 10–130 cm and 220–630 cm and 20 cm at depths of 140–220 cm and 630–740 cm. A total of 25 g of dry soil was used for each sample for the pre-treatment with reference to Wang et al. (1985). The identification of foraminifera was performed using a Nikon microscope under 400× magnification and the abundances were given in grains/g.



Pollen, dinoflagellate, and charcoal analysis in TJA

A total of 48 samples were taken for pollen, dinoflagellate and charcoal analyses with an interval of 10 cm at depths of 20–450 cm, and 20 cm at depths of 460–560 cm. Five gram of soil for each sample was dried for 2 days. The pre-treatment followed the method of Moore et al. (1991) and the identification of pollen was conducted following Wang et al. (1995) and Tang et al. (2019a). Pollen, spores, dinoflagellate, and charcoal were identified and counted with a Leica DM3000 at 400× magnification. At least 250 pollen grains were counted from each sample. The pollen, dinoflagellate, and charcoal concentration was calculated by adding a Lycopodium tablet to each sample.

According to previous investigations, Poaceae pollen was divided into three groups (>40 μm, 35–39 μm, and < 35 μm). Poaceae pollen with a diameter > 35 μm (>40 μm and 35–39 μm) was related to rice cultivation, and more likely, Poaceae pollen >40 μm hinted the well-managed rice cultivation. Poaceae pollen of <35 μm indicated the interferences of more non-rice weedy grasses (Yang et al., 2012; Liu et al., 2016). In addition, Quercus pollen was divided into two types: the evergreen type and the deciduous type based on the empirical rule (pollen size and decorations) from previous research (Wang and Pu, 2004; Liu et al., 2007). Charcoal counting was done along with pollen identification, following the method of (Millspaugh and Whitlock, 1995). Macro-charcoal (>100 μm) was exclusively identified to indicate the local fire (Li et al., 2010).



Phytoliths analysis in YJ1504

A total of 42 samples were taken from the YJ1504 core for phytolith identification. Forty-one samples were taken from core YJ1504 at about 20 cm intervals at 75–875 cm. Only one sample was taken from 10 to 25 cm and no samples were collected from depths of 25–75 cm because this layer was contaminated by artificial fill. A wet digestion method was applied to the extraction of phytoliths of YJ1504 as well.



Algae analysis in YJ1504

To outline the general history of marine influence, eight samples were taken at 50–750 cm in YJ1504. About 3 g of each sample were taken into a beaker after drying and smashing; 10% NaOH, 20% HCl and 40% HF were added separately to eliminate humic acid, carbonate, and silicate; the sediment suspensions were filtered by a 10 μm mesh in an ultrasonic bath and mounted on glass microscopic slides; and the pretreated samples were prepared and identified by an optical microscope under 400× magnification. The algae were mainly divided into freshwater, brackish, or saltwater groups. The former is represented by Concentricystes and Pediastrum, and the latter is represented by Dinoflagellates (Mao et al., 2011).



Neolithic context of the SHB

The SHB coast was concentrated with many Neolithic settlements since the middle Holocene, and abundant human imprints were well preserved in the archaeological sites and sedimentary archives. The information on the ages of Neolithic sites, food resources, and tools from previous publications and excavation reports was reorganized in the present study, and to help generate a comprehensive vision of the evolutionary history of human subsistence (Supplementary Table S1).




Results


Lithology and stratigraphy

All 18 14C determinations and lithology of TJA and YJ1504 are shown in Table 1; Figures 2, 3.



TABLE 1 Detailed information on AMS14C datings in cores TJA and YJ1504.
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FIGURE 2
 Sediment lithology, grain-size distributions, and age model of core TJA.
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FIGURE 3
 Sediment lithology, grain-size distributions and age model of core YJ1504.


The core TJA consists of (1) stiff mud layer, overlying by yellowish clayey silt (714–550 cm), The average grain size is 3.57 μm, and the average contents of clay, silt, and sand are 43.2, 54.4, and 2.3%, respectively. (2) A grayish silty unit with OM and PF (550–399 cm). The particle grains become coarser from bottom to top as the silt content increases, with less contribution from clay. (3) Grayish clayey silt and then brownish silty clay with OM (399–220 cm). Please note, the depths 240–130 cm are correlated to the cultural layer of TJA. The average and median grain sizes are 5.59 μm and 8.29 μm, respectively, reaching the maximum value of the core, and the sand content increases gradually. (4) A section of peat layer occurs at 220–130 cm, followed by a section of brownish black clay (130–90 cm) with OM. Grayish and yellowish clay section with a few pieces of OM and Fe-Mn nodules (90–22 cm). It was then overlain by artificial fill at the top (22–0 cm). The median grain size and average grain size present a fine-coarse-fine change at the depth of 220–0 cm. The grain size of the peat layer is relatively fine. While the grain size of the brownish clay layer above the peat layer increases sharply, the sand content reaches a maximum of 6.9% in the entire core (Figure 2).

A brief description of sediment lithology of YJ1504 has been reported by Liu et al. (2018), and more details are given as follows. The basal unit of core YJ1504 contains (1) greenish stiff mud with Fe-Mn nodules at 900–820 cm. The average particle size is 19.59 μm, clay accounts for 21.03%, silt accounts for 74.89%, and sand accounts for 4.09%. (2) Coarse silty sediment with shell debris and gastropods at 820–490 cm. Notably, 770–490 cm is correlated to the cultural layer of JTS. The average grain size is 27.31 μm. Clay accounts for 18.98%, silt accounts for 70.35%, the proportion of the two components is lower than the lower unit; sand accounts for 10.67%, which is higher than the lower unit. (3) Finer grayish clay with a few silty laminae at 490–150 cm. The average grain size of this unit is the lowest among the four units, only 15.60 μm, with clay accounting for 27.45%, silt accounting for 69.37%, and sand accounting for 3.18%, the components of clay and silt being the lowest among the four units. (4) Dark grayish silty clay at the top (above 150 cm) interbedded with a peaty layer at 90–70 cm. The average grain size of this layer is 18.01 μm, with clay accounting for 23.85%, silt accounting for 72.41%, and sand accounting for 3.74% (Figure 3).



Microfossil results


Phytoliths and foraminifera in TJA

A total of 31 morphotypes of phytoliths were identified from the TJA core. Most of them belong to the Poaceae family and major types were selected and presented in Figure 4. Bilobate, elongate psilate, bulliform, and saddle are the most common types in all samples. According to the changes of lithology and phytolith percentage, the phytolith assemblage can be divided into four zones.
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FIGURE 4
 Assemblages of selected phytoliths and foraminifera of TJA.


Zone I (580–410 cm, ca. 7,810–7,350 cal yr. BP), high proportions of bulliform flabellate, bulliform, saddle, bilobate, elongate psilate, and acute bulbosus appeared, with lower percentages of rondel and elongate echinate phytoliths. Rice phytoliths first occurred at 560 cm (ca. 7,770 cal yr. BP), while the fish-scale decorations of rice bulliform were difficult to identify because of strong weathering. Foraminifera appeared only in this zone since 7,680 cal yr. BP (520 cm) and peaked at 7,620 cal yr. BP (490 cm), and then diminished at 7,460 cal yr. BP (440 cm).

Zone II (410–240 cm, ca. 7,350–6,600 cal yr. BP), bulliform flabellate, bulliform, saddle, elongate psilate, and acute bulbosus were still abundant. The proportions of the saddle and bilobate increased rapidly, while those of bulliform flabellate and bulliform, decreased slightly. Rice parallel bilobate first occurred at ca. 6,900 cal yr. BP (310 cm), and more importantly, rice bulliforms with ≥9 fish-scale decorations became visible at 6,600 cal yr. BP.

Zone III (240–80 cm, ca. 6,600–3,670 cal yr. BP), the proportions of bulliform flabellate, bulliform and acute bulbosus decreased obviously, while bilobate and elongate echinate presented an increasing trend. Rice bulliform and rice parallel bilobate increased markedly, with more appearances of bulliform >9 fish-scale decorations.

Zone IV (80–20 cm, ca. 3,670 cal yr. BP to the present), The proportions of bulliform flabellate, and bulliform acute bulbosus increased again, while bilobate and saddle exhibited a decreasing trend. The proportions of rice phytoliths increased to a peak of 3% at 20 cm.



Pollen, dinoflagellate, and charcoal in TJA

Sixty-five pollen-spore types were identified in the TJA core, including 35 arboreal taxa, 20 non-arboreal taxa, and 10 types of ferns. Four pollen-spore zones were classified by clustering analysis using Tilia, as shown in Figure 5.
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FIGURE 5
 Assemblages of selected pollen species, concentration of dinoflagellates and variation of macro charcoal influx of TJA.


Zone I (560–410 cm, ca. 7,770–7,350 cal yr. BP), high proportions of trees and shrubs were seen at this zone, including Pinus, Liquidambar, and evergreen and deciduous Quercus. The percentage of arboreal was 47.58%, while those of herbs were only 39.87%. Wetland indicators were mainly composed of Poaceae, Typha, Cyperaceae and Chenopodiaceae. And the percentage of Poaceae (>35 μm) was less than 1%. Dinoflagellate appeared continuously in this zone from bottom to top and the macro charcoal influx was generally below 102 particles/cm2/year.

Zone II (410–240 cm, ca. 7,350–6,600 cal yr. BP), The percentages of Pinus, Liquidambar, evergreen Quercus, and fern types increased slightly. The percentages of Cyperaceae and Chenopodiaceae showed a small decrease, while the percentage of Typha, Poaceae (<35 μm), and Poaceae (35–39 μm) exhibited a decreasing trend. Poaceae (>40 μm) first appeared at 410 cm. The concentration of dinoflagellate increased and peaked at 7,010 cal yr. BP (340 cm). Notably, the macro charcoal influx showed an increasing trend from the bottom upward and approached 103 particles/cm2/year.

Zone III (240–80 cm, ca. 6,600–3,670 cal yr. BP), the percentage of Pinus, deciduous Quercus, and fern types decreased distinctly. The content of evergreen Quercus rose to a high average of 29.81%. Typha showed a remarkable increase to 23.49%. Poaceae <35 μm, Poaceae 35–39 μm, and Poaceae >40 μm exhibited increasing trends. Dinoflagellate appeared only at 6,279–6,267 (220–210 cm), while the macro charcoal influx was kept high in this zone.

Zone IV (80–20 cm, ca. 3,670 cal yr. BP to the present), the percentage of Pinus increased to 11.26%. Liquidambar, evergreen Quercus, and deciduous Quercus kept a stable level of 3.63, 33.67, and 3%, respectively. Typha decreased remarkably to 7.19%. Cyperaceae and Chenopodiaceae almost disappeared in this zone. Poaceae (35–39 μm) and Poaceae (>40 μm) continued to rise, reaching peaks of 6.73 and 9.88%, respectively. Except for the presence at 3,500 cal yr. BP (70 cm), dinoflagellate almost disappeared. Additionally, the charcoal influx decreased in this zone (Figure 5).



Phytoliths and algae assemblages in YJ1504

A total of 32 morphotypes of phytoliths and 5 types of algae were identified from this core. Most phytolith types are similar to the core TJA and major types from the core YJ1504 were displayed in Figure 6.
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FIGURE 6
 Assemblages of selected phytoliths and algae of YJ1504 to show the general trend of environmental change and related human activities.


Zone I (880–820 cm, late Pleistocene to 9,100 cal yr. BP): Bulliform flabellate, square, rectangular, and elongate plisate were common, and acute bulbosus appeared sporadically. The proportion of bilobate, saddle, and rondel phytoliths was relatively small and no rice-type phytoliths occurred. Algae identification was not applied to this zone.

Zone II (820–490 cm, ca. 9,100–7,120 cal yr. BP): The proportion of bulliform flabellate, square, rectangular, bilobate, saddle, and acute bulbosus all increased significantly. Rice bulliforms started to appear at 8,690 cal yr. BP (760 cm) and showed a continuous occurrence until 7,550 cal yr. BP (560 cm). Notably, the first trait of domesticated rice bulliform was observed at 7,830 cal yr. BP (620 cm). The algae community featured a mixture of saltwater and freshwater algae. The freshwater algae (Concentricystes and Pediastrum) reached its maximum at 7,980 cal yr. BP (650 cm) and started to decline afterward, and the saltwater algae (Spiniferites, Operculodinium, and Lingulodinium) showed an opposite trend from the bottom upward.

Zone III (490–150 cm, ca. 7,120–2,835 cal yr. BP): The bulliform types and the elongate types maintained their highs until 5,600 cal yr. BP (340 cm), after which the bulliform types started to decrease as the elongate types increased, as well as the saddle and bilobate. Rondel and acute bulbosus increased slightly since 5,600 cal yr. BP. Rice bulliform appeared occasionally at 6,610 cal yr. BP (435 cm), 5,600 cal yr. BP (340 cm) and 5,085 cal yr. BP (295 cm), among which the one at 435 cm showed the evident trait of domesticated rice, while the others could not be identified as domesticated rice due to severe weathering. The proportion of saltwater algae rose and started to dominate the algae community as freshwater algae gradually diminished. Saltwater species reached their maximum of at 5,700 cal yr. BP (350 cm) and then declined.

Zone IV (150 cm to the top, ca. 2,835 cal yr. BP to the present): The bulliform flabellate, square and rectangular showed a remarkable increasing trend in this zone. High values of elongate plisate occurred while the elongate echinate, bilobate, and saddle decreased. The rice bulliform phytoliths occurred at times, with the highest value seen at the top. The saltwater algae appeared in a low concentration and finally disappeared at 1,880 cal yr. BP (100 cm).





Discussion


Interpretation of environmental background for early settlements in the SHB

The Holocene environmental change of the SHB has been demonstrated by previous research, which provided a fundamental understanding of the stratigraphic evolution in response to the post-glacial sea-level change (Lin et al., 2005; Zhang et al., 2014; Liu et al., 2018, 2021). The depositional record of TJA and YJ1504 would have documented further details of environmental changes at specific locations with special implications for the establishment of early settlements.

A stiff mud layer, widely distributed in the Lower Yangtze Region, was recognized in both cores (Figures 2, 3). This typical deposition was formed in an exposure environment on the palaeo interfluves free of marine influence during the termination of the late Pleistocene (Li et al., 2002; Qin et al., 2008; Liu et al., 2020). To date, contemporaneous human activities were rarely reported in the coastal area, nor did our phytoliths evidence at YJ1504 would suggest so (Figure 6). Notably, the shallow burial depth of the stiff mud layer showed a higher palaeo relief in the early Holocene at both sites, which could act as a shelter in favor of early human occupation.

Above the stiff mud layer, the sediment showed a coarsening trend upward that suggested a strengthened local hydrodynamic condition (Figures 2, 3). The first appearance of saltwater algae mixed with freshwater species at 8,625 cal yr. BP in YJ1504 marked the beginning of marine influence (Figure 6). This was almost coeval with the occurrence of foraminifera in the nearby cores YJ1503 and YJ1505 (ca. 8,900 cal yr. BP), corresponding to the regional marine transgression processes (Dai et al., 2018). The occurrence of rice, which favored a brackish water setting (Qin et al., 2011), would further approve a tidal flat environment formed at the site during the early Holocene (Figure 6). On the contrary, a much later marine influence was identified at the TJA site, as evidenced by the belated occurrence of foraminifera and the increase of dinoflagellate at approx. 7,600 cal yr. BP, possibly because of its higher topography (Figure 4). In addition, the sporadic appearance of rice bulliform, and the well-matched co-occurrence of salt-tolerant herbs, such as Chenopodiaceae and Cyperaceae, would indicate an upper intertidal environment because of sea-level rise.

Notably, this marine influence at TJA was short-lived as implied by the disappearance of foraminifera at 7,350 cal yr. BP. Since then, a relatively stable environment was formed as reflected by fine grayish sediment and the frequent occurrences of OM. However, the persistent occurrence of Chenopodiaceae, Cyperaceae, and dinoflagellate would indicate a salty environment that remained at the site area (Figure 5). Compared to TJA, the persistent existence of saltwater algae informed a long-lasted impact from brackish water at YJ1504, which did not fade away until 5,700 cal yr. BP. This long-lasted marine influence was unique in the SHB, not even similar to the nearby locations such as YJ1503 and YJ1505 where the marine impact had ended at 7,600 cal yr. BP. We assumed that the locality of YJ1504 proximal to local tidal creeks would have favored the tidal force to bring saltwater algae into the YJV (Qin et al., 2011), especially when minor sea-level fluctuations still occurred in the SHB (He et al., 2018).

Since 6,600 cal yr. BP, the formation of a peaty layer at TJA and multiple locations in the SHB was informative of a stable environment created in the process of coastal progradation (Liu et al., 2018). The abundance of Typha and Poaceae pollen and the increasing proportion of domesticated rice bulliform phytoliths in the peaty layer indicated a freshwater setting. A decrease of Pinus and an increase of many anthropogenic indicators would imply an intensified human activity, possibly including forest opening, rice cultivation, and domestication at TJA (Figures 4, 5). At YJ1504, the reduction of saltwater algae at 5,700 cal yr. BP would indicate a gradually freshening environment due to a belated retreat of marine influence compared to TJA. In particular, occurrence of rice phytoliths at 5,600 cal yr. BP (340 cm) in YJ1504 might correspond to the amelioration of the regional environment as validated by previous findings from nearby regions (He et al., 2018, 2020b; Li et al., 2021).

In the late Holocene, the occurrence of yellowish sediment implied an oxidizing and drying condition. At TJA, the Pinus reclaimed its proportion at the expanse of Quercus. Although most salt-tolerant and aquatic herbs declined over time, Artemisia and Poaceae increased markedly, corresponding to the high values of rice bulliform phytoliths. By then, the microfossil evidence implied a transition from a wetland setting into a desiccated terrestrial environment. A similar condition could be inferred by the grayish silt deposit at YJ1504, within which algae diminished completely, indicating a desiccated terrestrial environment prevailed in the late Holocene.

Briefly, the regional sea-level pattern and marine transgression-regression sequence played a critical role in the evolution of the regional environment. An early start of marine influence at 8,625–7,980 cal yr. BP at YJ1504 was correlated to an estuary setting in the YJV following a marine transgression. As the sea-level gradually approached –5 m by 7,600 cal yr. BP, the marine invasion was at its maximum and had inundated many locations even with higher palaeo relief, including TJA. Since then, regional sea-level continued to rise but in a slow mode which allowed the initiation of coastal progradation. Consequently, the regional environment was gradually freshened and finally invoked the establishment of a freshwater setting at the TJA site and many other places since 6,600 cal yr. BP. However, the proximity of core YJ1504 to the tidal channel would be accountable for the late formation of freshwater wetland until 5,800 cal yr. BP, coeval to the widespread alluvial plain near the YJV as evidenced by the microfossil records from multiple locations (Liu et al., 2016; Tang et al., 2019b; He et al., 2020b; Li et al., 2021).



Evolution of Neolithic subsistence near the core site

The transformation of subsistence strategies from hunting-gathering to farming was a revolutionary event in the history of humankind (Childe, 1936; Diamond, 2002). As known for the early birth of rice, the lower Yangtze region held essential information on the cultivation and domestication of rice for a comprehensive understanding of subsistence change over time (Zong et al., 2007; Fuller et al., 2009; Wu et al., 2014; Zuo et al., 2017; He et al., 2020a). Rice cultivation in Kuahuqiao area ca. 8,000 cal yr. BP was once considered as a sole event on the coastal wetlands of SHB. After a recent excavation of a contemporaneous Jingtoushan archaeological site (ca. 8,200–7,800 cal yr. BP) in the nearby YJV, new findings from microfossil and macrofossil evidence would indicate otherwise (Zhejiang Provincial Institute of Cultural Relics and Archaeology, Ningbo Institute of Cultural Heritage Management, Yuyao Hemudu Site Museum, 2021). The discovery of clams, oysters, saltwater fishes, and fishing tools proved the exploitation of marine resources by the local settlers. In addition, the unearthed plant remains of oaks, acorns, kiwifruits, and peaches suggested that abundant food resources were available for gathering near the Jingtoushan site. Phytolith records at YJ1504 near the Jingtoushan site showed the earliest occurrence of rice bulliform phytoliths at 760 cm (ca. 8,690 cal yr. BP) (Figure 6), though it did not show the evident trait of domesticated rice due to severe post-depositional weathering. At 620 cm (ca. 7,830 cal yr. BP), the first occurrence of cultivated rice (bulliform cell with more than nine fish-scale decorations) was believed coeval with the human occupation at the Jingtoushan site. Additionally, rice phytoliths of cultivated types were found at ca. 7,800–7,600 cal yr. BP in YJ1503 close to the Jingtoushan site, validating that the early settlers in the YJV area might have started rice cultivation no later than 7,800 years ago (Deng et al., 2021). At the meantime, macrofossil remains and microfossil evidence from the JTS site would indicate rice cultivation was performed by the local people throughout their occupation period (ca. 8,300–7,800 cal yr. BP) at the site (Zhejiang Provincial Institute of Cultural Relics and Archaeology, Ningbo Institute of Cultural Heritage Management, Yuyao Hemudu Site Museum, 2021; He et al., 2022). Moreover, archaeological findings from the JTS site suggested an upgrade of farming tools from shell and bone Si (耜) ploughs to wooden ploughs to facilitate rice cultivation (Zhejiang Provincial Institute of Cultural Relics and Archaeology, Ningbo Institute of Cultural Heritage Management, Yuyao Hemudu Site Museum, 2021). Thus, it seemed that the subsistence strategy of the Jingtoushan site might have been a mixture of primitive agriculture and hunting-gathering.

Nevertheless, although rice usage started early at JTS, the subsequent domestication might be discontinuous. Our phytoliths records at YJ1504 and other published data from sediment cores and archaeological sites showed intermittent rice cultivation appeared between 7,800–6,600 cal yr. BP in the YJV (Figure 7). Moreover, microfossil evidence from TJA beyond the YJV showed occasional occurrences of Poaceae pollen (>35 μm) and rice bulliform during 7,800–6,600 cal yr. BP, although without clear signatures of domestication (Figures 4, 5). Despite that, the abundant Pinus, Quercus, and a small amount of Typha in the pollen assemblages might signify the availability of edible resources such as acorns, oaks, pine cones, and cattails, commonly collected by local people (Fuller and Qin, 2010; Pan and Yuan, 2018; Zhang et al., 2020). The increasing trend of macro-charcoal influx would also suggest a gradually intensified human activity around the TJA site during 7,800–6,600 cal yr. BP (Figure 5). Since then, domesticated rice phytoliths occurred at 240 cm demonstrated that local rice cultivation started at 6,600 cal yr. BP, co-occurring with many other sites in the region, such as Tianluoshan, Hemudu, and Yushan (Figures 4, 7). During 6,600–3,700 cal yr. BP, Poaceae pollen (>35 μm), rice bulliform phytolith, and the domesticated types showed a continuous and increasing pattern, indicating that rice domestication was a persistent practice at the TJA site. This assumption was supported by multiple farming Si (耜) ploughs made of animal bone unearthed from the cultural layers T1-5 and T2-8 of the TJA site, corresponding to ca. 7,000–6,300 cal yr. BP (Ningbo Municipal Institute of Cultural Relics and Archaeology, Cixi Museum, 2012). In addition, the increasing content of Quercus and Typha would imply that abundant wetland resources and acorns were available, attracting more Neolithic settlers and leading to a persistent occupation at the site, which included the construction of a paved road in the late Hemudu Culture period (5,700–5,300 cal yr. BP).
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FIGURE 7
 Collected information on the rice planting history (including cultivation and domestication) in the YJV. The horizontal axis represents the age of the occurrence of rice planting revealed in different sediment cores or archaeological sites. The vertical axis represents the cores or sites with rice planting history. “Po” represents evidence of rice planting supported by pollen records. “Ph” represents phytolith evidence and “A” represents archaeological findings. “JTS” represents JTS occupation. “KHQ” represents Kuahuqiao Culture. “HMD” represents Hemudu Culture. “LZ” represents Liangzhu Culture (The relevant data came from Wang and Zhang, 2001; Zhejiang Provincial Institute of Cultural Relics and Archaeology, Department of History Xiamen University, 2001; Zong et al., 2007; Archaeological Research Center of Peking University and Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2011; Qin et al., 2011; Li et al., 2012, 2021; Ningbo Municipal Institute of Cultural Relics and Archaeology, 2013; Ningbo Municipal Institute of Cultural Relics and Archaeology, Cixi Museum, 2013; Liu et al., 2016, 2020; Zheng et al., 2016; He et al., 2018, 2020a,b; Ma et al., 2018; Tang, 2019; Deng et al., 2021; Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2021).




Subsistence changes and the corresponding environment in the SHB

Since the middle Holocene, the worldwide initiation of the coastal plain had provided arable land and extra wetland resources for ancient settlers and catalyzed the subsequent development of the agricultural economy in many coastal regions. In the SHB, the coastal plain initiation since 8,000 cal yr. BP was attractive to Neolithic settlers, whose subsistence evolved from a broad spectrum of food resources to intensive agriculture as the Neolithic culture developed from individual settlements to a hierarchical society (Figure 8).
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FIGURE 8
 (A) Synthesis of the transformation process of subsistence strategies and landscape changes in the SHB. At each cultural stage, the most representative features of subsistence strategy were marked in the figure (data collected from Zong et al., 2007; Archaeological Research Center of Peking University and Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2011; Jiang, 2014; Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2016, 2021; Zuo et al., 2017; Zhang et al., 2020; Eda et al., 2022; Official account of Qianjiang Evening News, 2022). (B) Trends of the proportions of domesticated-type bulliform phytoliths from rice (Ma et al., 2016). (C) Holocene sea-level changes in the Hangzhou Bay (Xiong et al., 2020). (D) Land growth rate of SHB since coastal progradation at ~8,000 cal yr. BP (Liu et al., 2021). (E) Macro-charcoal influx of YJ1503 at JTS site (Liu et al., 2020). (F) Macro-charcoal influx of TJA site.


In general, the cold climate of the Late Glacial Maximum was not supportive of a significant human occupation nor a dense distribution of wild rice in the open area of SHB (Lu, 1999). To date, the absence of phytoliths or Poaceae pollen (>40 μm) and low concentration of charcoal in the stiff mud layer indicated rare human activity in the YJV before the Holocene (Figure 7; Liu et al., 2020). On the contrary, the warming climate in the Holocene boosted the cultivation and domestication of various crops (Larson et al., 2014). As one of the most popular food at present, rice was considered the first plant cultivated by the Neolithic people of the Shangshan Culture under the co-occurring strengthening monsoon climate (Wu et al., 2014; Zuo et al., 2017; Figure 8A). Phytoliths evidence indicated that rice domestication at that time was still at an introductory level, and rice was a supplementary food choice in addition to a large variety of natural food resources (Figure 8B; Zhao and Jiang, 2016). However, recent research claimed that higher rates of rice domestication usually occurred at those sites close to the mainstream river (Huan et al., 2021), implying that the local environment could serve as a critical factor in the process of rice domestication. In addition, starch remains from the Qiaotou site showed that ancient people might have used rice for beer-brewing for a ritual purpose (Wang et al., 2021).

As the rate of sea-level rise slowed down at ~8,000 cal yr. BP, coastal wetland started to initiate at locations with semi-enclosure geometry (Figure 8C; Liu et al., 2021), such as the Kuahuqiao and Yaojiang Valley (Jingtoushan site). Diatom and pollen evidence indicated a freshwater environment at the Kuahuqiao site (Zong et al., 2007; Wu et al., 2016) and a brackish wetland setting in the YJV provided material bases for human settlements (Supplementary Table S1). Charcoal analysis from both sites indicated that local people had adopted a slash-and-burn strategy to open vegetation for more resources and arable land (Hu et al., 2020; He et al., 2022). Rice cultivation was confirmed at both sites assisted by primitive farming tools (Figure 8A). In the meanwhile, high contents of aquatic fungi, macrophytes, and algae may imply the existence of local swamps with open water bodies (Innes et al., 2009; Liu et al., 2020), which provided fish, Typha, and water chestnuts to the ancient people for daily subsistence. The unearthed animal bones of buffalo and deer, together with the remains of acorns, oaks, and peaches, reflected the intake of terrestrial resources by the local people, as evidenced by the results of C and N isotopes from human bones (Hu, 2021). In addition, we might infer a preference for seafood for the Jingtoushan people compared to the Kuahuqiao people based on the abundant oyster shells found at the Jingtoushan site. Above all, such a combination of food supply indicated a dominant hunting-gathering economy supplemented with rice cultivation at Kuahuqiao and Jingtoushan sites.

To date, no other archaeological sites of ca. 8,000 cal yr. BP were reported in the coastal plains of SHB except for the Kuahuqiao and Jingtoushan sites. However, human occupations at both locations were interrupted by unstable hydrological conditions at 7,600–7,000 cal yr. BP. It remained debatable whether sea-level rise or local tidal force was accountable for the discontinued human occupation at either site (Zong et al., 2007; Liu et al., 2020). Previous studies held a theory that human activities were absent during 7,600–7,000 cal yr. BP due to the lack of contemporaneous archaeological findings. Nevertheless, recent paleontological studies on sediment cores obtained from Jingtoushan, Tianluoshan, and Hemudu sites suggested that there could be intermittent human activities and rice cultivation in the YJV during 7,600–7,000 cal yr. BP (Figure 7; Supplementary Figures S1, S2; Ma et al., 2018; He et al., 2020b; Deng et al., 2021). The locality of these sites was close to foothills with relatively higher palaeo relief that were less affected by the Holocene marine invasion. Such intermittent human activities appeared at a time when the marine transgression gradually transited to regression, allowing the process of coastal progradation with an increasing rate of land growth, which allowed development of a vast alluvial plain with a progressively freshening environment (Figure 8D; Liu et al., 2018).

As the coastal progradation continued after 7,000 cal yr. BP, more sites were occupied by the Neolithic people during the Hemudu cultural period. In addition to the previously occupied Jingtoushan, Tianluoshan, and Hemudu sites, new settlements were established at locations such as Zishan, Xiangjiashan, Fujiashan, and Tongjia’ao and Yushan since 7,000–6,600 cal yr. BP (Supplementary Figure S3). Noteworthy, all of these locations were close to foothills with freshening wetland as suggested by lithological and palynological evidence, indicating a preference for site selection for the settlers during the early stage of the Hemudu culture. Since the formation of freshwater wetland, intense human activities were indicated by the high values of macro-charcoal influx, as represented by the JTS and TJA sites (Figures 8E,F). In addition, rice cultivation occurred at all these locations as evidenced by macro remains and microfossil evidence of rice, or relics of farming tools (Figure 7). Moreover, a large rice paddy recently found at Shi’ao dated back to 6,700 cal yr. BP was interpreted to be 8 ha in size (Figure 8A). This rice paddy was the largest ancient rice paddy in the lower Yangtze region by now, indicating significant labor input and developed technology for rice farming during the Hemudu cultural period, which could be acknowledged as a human adaptation to and utilization of the wetland environment. However, the rice yield at that time was predicted of just 830 kg/hectare which might not meet the daily need (Zheng et al., 2009). We assumed that such preliminary rice productivity may not sustain the development of the local society unless a stable hydrological condition was provided. In addition, as indicated by previous findings, the production rate (calorie/h) of rice was significantly lower than natural resources (Lu, 1999). Although rice cultivation became widely practiced in the Hemudu cultural period, it could only contribute a minor proportion of daily energy intake. Most of the energy intake still came from natural resources, including at least 58 species of wild animals and a large number of terrestrial nuts and fruits (Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2003; Figure 8A). Such a subsistence style developed at multiple locations of SHB as the coastal progradation continued. Although human occupation and rice domestication were occasionally affected by unstable hydrological processes (He et al., 2018; Liu et al., 2020; Long, 2021), the rate of rice domestication increased evidently (Figure 8B). This was highly likely associated with the increasing demographic pressure, and the advances in farming technology (Zheng et al., 2009, 2012; Deng et al., 2021; Huan et al., 2021).

Since 5,500 cal yr. BP, rice farming has become a common practice at various sites in SHB (Figure 7), and many locations on the north flank of Hangzhou Bay, supporting the significantly increased population. This process was coeval with the rapid land growth and formation of vast alluvial plains when the shoreline had prograded northward and eastward in SHB (Figure 8D; Liu et al., 2021). The invention of the stone plough during the last period of Hemudu Culture (which co-occurred with Songze Culture in the north Hangzhou Bay) greatly improved farming productivity and domestication rate of rice (Figure 8A) and intrigued the prevalence of rice farming across the lower Yangtze region. By then, rice started to serve as one of the main staple foods in the lower Yangtze region to provide carbohydrates. Finally, it took a long time of over 5 millennia for the strategy of ancient human subsistence to shift from reliance on hunting-gathering to a farming economy in the lower Yangtze region, which had a prolonged influence in the history of China’s civilizations and is still adopted by Chinese people in modern time.




Conclusion

The Holocene environmental changes at two archaeological sites (JTS and TJA) generally corresponded to the regional sea-level fluctuation pattern. Yet, local topography and landform also played a critical role in the environmental processes. The transition of Neolithic subsistence was affected by complex factors such as demographic pressure, technological advances, and societal development, and the present study highlighted the role of environmental change. Our results showed that the initial wetland formation in the semi-enclosure environment at Kuahuqiao and Yaojiang Valley of SHB had enabled the activities of hunting, gathering, and fishing ca. 8,000 years ago. Rice cultivation also provided a supplementary food source. Since 7,600 cal yr. BP, the differentiated process of wetland desalinization in different areas showed varied responses to the regional sea-level pattern. Records from sediment cores at multiple sites provided new information on intermittent rice cultivation within the gradually freshened wetland. During 7,000–6,600 cal yr. BP, a wide variety of natural food resources still dominated the daily diet of the Neolithic people. However, as freshwater wetlands expanded in the process of coastal progradation, rice cultivation became widely practiced. After 5,500 cal yr. BP, as the shoreline migrated further seawards and the alluvial plain developed, a stable freshwater environment was formed that ensured a suitable hydrological condition for rice to grow. In the meanwhile, advances in farming tools and paddy management facilitated rice farming and made rice a common choice in the diet. From hunting-gathering to rice farming, the subsistence changes showed an adaptive strategy in response to landscape evolution from an initial marine-influenced setting to a later coastal plain environment. The final establishment of an agricultural subsistence eventually formed the economic foundation of the prosperous civilization of China.
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Piedmont zones have been witnessing intensive human activities since ancient times. However, it remains unclear when it comes to the environmental mechanism for early humans exploiting piedmont zones. Here we present a case study about the interactions between early human activities and landscape evolution in the piedmont of Taihang Mountain, an area with prominent ecological and cultural significance in Chinese history. Based on chronological and pollen analyses, we reconstruct the regional landscape evolution in the Fengtougang (FTG) site of southern Taihang Mountain during the Holocene. The results show that the area has been dominated by terrestrial plants since the late Longshan culture (4000 BP), including a large number of Pinus, Artemisia, Spiraea, and Gramineae, a few Cattails, and some other aquatic herbs. During the early history (4000-2000 BP), there is a combination of Pinus, Artemisia, Spiraea, Compositae, and Selaginella Chinensis, with a few aquatic plants. Since the late history (500 BP), the Chinese selaginella, Pinus, Selaginella, and Sedge families dominate, with no aquatic plant pollen found. Combining the detailed geoarchaeological survey, grain size analysis, and magnetic susceptibility analysis, we demonstrate that there should be a landscape of extensive floodplain during the early-middle Holocene (10000-4000 BP). During the late Longshan culture (about 4000 BP), the study area should be dominated by a landscape of sparse forest grassland with interlacing rivers and lakes. With river downcutting and watercourse fixation since the late Longshan culture, the flooded area massively shrinks, providing suitable habitat for human settlement. From then on, human activities begin to move to the study area on a large scale, followed by continuous cultural development and thriving early civilization.
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Introduction

The piedmont zone usually refers to the transition area from mountain to plain. These areas are generally composed of alluvial fans, tablelands, and inclined plains. The terrain is relatively flat and wide, and the relative elevation difference is low. The piedmont zone has always been an area with intensive human activities. For many famous mountains in the world, such as the Andes in South America (Garcia et al., 1999; Shimada et al., 1991; Wilson et al., 2022), the Alps in Europe (Tinner et al., 2000), and the Mount Song in China (Zhou et al., 2005; Lu et al., 2012; Wang et al., 2015; Yan et al., 2019; Tang et al., 2019), their piedmont zones are all associated with concentrated human settlements and cities in both ancient and present times. This is mainly attributed to the favorable natural environment in such areas, including the wide flat terrain, abundant water resources, and diversified biological resources.

Large-scale human activities are not inherently consistent in the piedmont zone throughout history. Some scholars claim that during the Paleolithic, Neolithic, and Bronze Ages, the main residence place of humans continuously changes from the mountainous region to the tableland and subsequently the piedmont (Zhou et al., 2005). Nonetheless, it remains ambiguous about the timing that humans start to massively exploit the piedmont zone and the factors that trigger the large-scale human activities in the piedmont zone. In fact, the residence place for humans is determined jointly by multiple factors, such as the natural environment, subsistence strategies, technical levels, and cultural characteristics (Lu et al, 2017a; Lu et al., 2019). In the prehistoric period associated with low productivity, the location of human settlement is considered to be more closely related to the natural environment (Lu 2017b; Lu et al., 2021). Accordingly, reconstructing the early landscape provides an important approach to probing into the mechanism of the large-scale human activities in the piedmont zone.

Since 2014, we have carried out systematic archaeological surveys in the southern piedmont of Taihang Mountain. We also carefully analyze the temporal and spatial distributions of the early settlement, vegetation, hydrology, landform, and sedimentary structure. The Fengtougang (FTG) site, a representative human settlement, is selected for archaeological excavation to further confirm the cultural characteristics. Samples are collected from geological sections with continuous deposition and abundant environmental information to perform the chronological analysis and paleo-environmental reconstruction. Our goal is to understand the characteristics and processes of human activities and landscape evolution in the piedmont of Taihang Mountain through these analyses.



Regional setting

As an important geographic boundary between the Loess Plateau and the North China Plain (You and Yang, 2013), Taihang Mountain divides the semi-arid and semi-humid areas of China (Zheng, 2017). Moreover, its piedmont zone has been an area of intensive human activities since ancient times, witnessing the development of many famous cities, including Beijing, the Anyang Yin Ruins, and the Taosi site (Figure 1A).




Figure 1 | The study area (A). There are a lot of ancient and modern cities in the piedmont of Taihang Mountain, which is our study area and has been marked with a red rectangle; (B) The geomorphic types and Neolithic-Bronze sites in the study area. The red circle represents the location of the FTG site; (C) The terrain and river system in the FTG site area. The image comes from Map World.).



Our study area is located in the southern piedmont of Taihang Mountain, geographically involving Huixian, Huojia, Xiuwu, and Wuzhi Counties in Henan Province (Figure 1B). The regional terrain is high in the north and low in the south, with an altitude of 1000-50 m. The region is located within the warm temperate continental monsoon climate zone, with an annual average temperature of 14°C and an average annual precipitation of 600 mm. The regional soil is dominated by brown earth and fluvo-aquic soil. Vegetation is the warm-temperature broadleaf deciduous forest. However, crops and artificial vegetation are prevalent in many areas, due to the long-lasting agricultural activities. There are numerous rivers in the region. Besides a few rivers belonging to the Yellow River system, most of them flow eastward into the Hai River finally.

The southern Taihang region is also a key region when it comes to the origin of the Chinese civilization. The regional Neolithic-Bronze cultures can be divided into the Peiligang period (9000-7000 BP), Yangshao period (7000-5000 BP), Longshan period (5000-4000 BP), Xia-Shang period (4000-3000 BP), and Zhou Dynasty (3000-2200 BP). Although the southern Taihang region is associated with representative early cultures and environmental characteristics, research on the Holocene landscape is rare. The studies on the interaction between human activities and environmental evolution are even fewer (Cao, 1994; Wang, 2009; Xu et al., 2013; Zhai et al., 2019).

According to the landform, altitude, material composition, and sedimentary structure, four geomorphic types are identified in the study area, namely mountains, loess tablelands, alluvial fans, and floodplains. Mountains and loess tablelands are of limited distribution, while alluvial fans and floodplains are prevalent (Figure 1B). The floodplain is mainly located in the southern area and is formed by the recurrent alluviation of the Yellow River, Qinhe River, and their tributaries. The top of the plain is flat and wide, with an altitude of about 80 m. The sediments are mostly alluvial deposits of various ages. The alluvial fan is mostly located in the northern-central region. The landform slopes from north to south, with altitudes of 150–80 m. Numerous Neolithic-Bronze Age settlements are discovered in the piedmont zone during the archaeological investigation, but only a few of them have been systematically excavated and studied (Yuan, 2000; Zhao, 2010). Atlas of Chinese Cultural Relics (NCHAC, 1991) shows that except for several sites containing remains of the Yangshao culture, most sites are attributed to the Longshan culture. Nonetheless, the region lacks chronological data of relevant sediments and cultural relics. Most ages are determined according to pottery shards scattered across the surface.

The FTG site is one of the early settlements distributed in the southern Taihang piedmont (Figure 1C). Its geographical coordinates are E113°34′20″, N35°18′50″, with an altitude of about 80 m. The site area is 32,000 m2 and the cultural deposits are 4 m thick. The south of the FTG site is adjacent to the Dasha River, a tributary of the Hai River, while the Yu River originating from Taihang Mountain flows in the east of the site. Furthermore, the FTG site is identified to lie at the margin of the alluvial fan of the Taihang piedmont. The archaeological investigation indicates that the FTG site is dominated by the Longshan culture, with a few remains of the Shang Dynasty, Warring States, and Han Dynasty (NCHAC, 1991).



Material and methods


Strata at the FTG site

Since the Neolithic-Bronze settlements in the region are mostly discovered in the middle and periphery of the alluvial fan, landscape evolution in these areas is essential to understanding the adaption process of early humans in the piedmont zone. In 2014, we started to excavate the FTG site located on the alluvial fan edge. Fifteen archaeological grids (10 m by 10 m) in total (numbered T1–T15 respectively) are excavated, with an excavation area of 1500 m2 (Figure 2A).




Figure 2 | Structure and spatial distribution of the Late Quaternary deposits in the FTG site. (A). The distribution of excavation grids in the FTG site. The lacustrine facies strata are mainly distributed in T1-T9, while T10-T14 are primarily the cultural deposits of ancient human activities; (B) The east wall section of T7; (C) The east wall section of T13; (D) The archaeological drilling exploration shows that both basements of T7 and T13 are a set  of grey-yellow silt-fine sands, which form the bottom deposits in the site.).



The excavation shows that two distinctive sets of deposits are present in the FTG excavation region. One is the human cultural deposit in the northern excavation sites, represented by T10–T14; the other is the grey-brown or grey-black silty deposit in the southern excavation sites, represented by T1–T9. Here the west wall sections of the T7 and T13 are taken as examples to introduce the deposits of different areas.


The west wall section of T7

The west wall section of T7 is excavated to 240 cm below the surface and the deposits can be divided into seven layers (Figure 2B).

Layer ①: 0.18–0.3 m thick, light grey-brown silts, unconsolidated with numerous inclusions of plant root systems and a few charcoal debris and pottery shards. This layer represents the modern cultivated deposits.

Layer ②: 0.3–0.5 m thick, dominant light brown silts, with some red-brown silts. This layer is seen with a small amount of charcoal debris and consolidated burnt soils. A few blue-and-white porcelain chips and fragments of plate tiles and black bricks are included. According to the contained remains, this layer represents the deposits of the Ming-Qing Dynasty.

Layer ③: 0–0.04 m thick, grey clays. It is relatively consolidated, with some yellow-brown vertical wormholes, numerous small calcareous nodules, burnt soils, and a few small gravels. The thickness of this layer is uneven, and the layer gradually thins from south to north and eventually pinches out. Some local positions are seen with many plate tiles, semicircle-shaped tiles, and pottery shards. This layer represents the deposits formed during the Eastern Zhou Dynasty.

Layer ④: 0.35–0.85 m thick, grey-brown clays, with some aquatic shells and well-developed calcareous nodules (mostly 4–5 mm in size, with the largest up to 4–5 cm in size). The color of these deposits becomes lighter vertically upward. A few pottery shards, animal bones, stone artifacts, and bone artifacts of the Shang Dynasty are discovered.

Layer ⑤: about 0.3 m thick, dark grey-brown clays that appear to be black. Notable calcareous nodules, mostly 1 cm in size and occasionally up to 4–5 cm, are observed, with some burnt soils and a few pottery shards of the Longshan culture.

Layer ⑥: about 0.2 m thick, grey-yellow silty-fine sands with calcareous nodules.

Layer ⑦: about 0.9 m thick, dark-brown medium-coarse sands that appear to be black. This layer presents a lentoid distribution and contains a few small gravels and well-developed calcareous nodules up to 17 cm in size.



The west wall section of T13

The deposits in this section are about 2 m thick and consist of 4 layers (Figure 2C).

Layer ①: about 0.2 m thick, grey-brown silty clays with numerous plant root systems. It represents the modern agricultural deposits.

Layer ②: about 0.24–0.4 m thick, light brown silts that appear to be red-brown. It is relatively consolidated and contains a few charcoal debris and burnt soils. A small number of Ming-Qing Dynasty porcelain chips, grey pottery shards, and black bricks are observed. It represents the deposits formed during the Ming-Qing Dynasty.

Layer ③: about 0.3 m thick, unconsolidated light grey silts, with a few charcoal grains and burnt soils. Many pottery shards are present, with identifiable artifacts. This layer represents the cultural deposits of the late Shang Dynasty and the remains of the Shang Dynasty and Longshan culture (e.g. ash pits) are found below the layer.

Layer ④: about 1 m thick (evacuated), silty-fine sands with colors varying from grey-yellow to yellow-brown. It contains a few calcareous nodules and some black brown vertical wormholes are developed in the upper part. It represents the deposits before human activities.

The deposit characteristics indicate that the Layers ③, ④, and ⑤ of T7 are deposits of the limnetic facies, distributed from the southernmost T1 to the intersection between T11 and T12 in the north. Archaeological drilling shows that the base of the limnetic deposits is a set of grey-yellow silt-fine sands, which complies with Layer ④ of the T13 west wall, and below these sands are dark brown medium-coarse sands (Figure 2D). The distribution of these deposits extends northward and is overlain by the cultural remains in the northern excavation sites.




Dating

Since the investigated geological sections are within the archaeological site and contain many cultural remains, archaeologists can determine the age of each layer. To confirm the precision of the archaeological dating, chronological samples are collected from Layers ③, ④, and ⑤ of the west wall of the T7 to perform the radioactive 14C dating. The chronological dating is performed at the BETA Laboratory using the accelerator mass spectrometer (AMS). The half-life period of the 14C is 5568 years. The BP in the dating results means the number of years before the year of 1950. The calibration curve is IntCal20 using the OxCal 3.10 program.



Pollen analysis

To reconstruct the regional vegetation landscape (Xu et al., 2007; Chen et al., 2015; Ren et al., 2019; Wang et al., 2019; Zhang et al., 2020), 23 sedimentary samples are collected from the T7 west wall section at an interval of 4 cm to perform the pollen analysis. The tests are completed at the Research Center of Paleontology and Stratigraphy (RCPS), Jilin University, China. Fifty grams (dry weight) of each sample is taken and mixed with about 9550 lycopodium spores for calculating the sporopollenin concentration. Then, the mixture is treated successively with hydrochloric acid, hydrofluoric acid, and hydrochloric acid, after which the pollen of samples is concentrated in the test tube via a screening process. Two sections are prepared for identification and counting using the biological microscope. Since the quantity of pollen in the deposits is low, it is required to count more than 100 grains of pollen in total for each sample. It is difficult to accurately reveal the history of regional climate change due to the small amount of palynology. Therefore, the pollen results are only used as a reference for regional vegetation landscape reconstruction. Besides the total pollen quantity, the lycopodium spore is also counted and the total pollen concentration of each sample is computed using the concentration conversion formula.



Analysis of grain size and magnetic susceptibility

At an interval of 2 cm, 56 sedimentary samples are collected from the T7 west wall from bottom to top for analyzing the grain size and magnetic susceptibility.

The grain size measurement is accomplished at the Digital Environmental Archaeological Laboratory, Institute of Geographical Sciences, Henan Academy of Sciences. The samples are treated with hydrogen peroxide and diluted hydrochloric acid to remove organic matter and carbonates, respectively. Then, 10 mL of 0.05 mol/L sodium hexametaphosphate is added. The sample is heated until boiling and tested after the grains are sufficiently dispersed. The test instrument is Malvern Mastersizer 2000E laser-based grain size analyzer. For each sample, the test is repeated either three times or until the reproducible grain size distribution curve is observed, if necessary. The following-presented results are the averages of multiple tests of each sample.

The magnetic susceptibility test is finished at the Environmental Archaeological Laboratory, the Henan Provincial Institute of Cultural Relics and Archaeology, using the MS-2 magnetic susceptibility system (Bartington Instruments). Ten grams of each sample (loose and dry) are taken and tightly covered using plastic wrap. Each sample is tested three times at the high and low frequencies, respectively, and the averages of the three tests are taken as the final results to calculate the mass and frequency of magnetic susceptibility.




Results


Dating results and the chronological framework of the sedimentary section

The AMS 14C dating results are consistent with the archaeological dates and field stratigraphic analysis (Table 1). For the west wall section of T7, Layer ⑤ is attributed to the late Longshan culture; Layer ④ is dated back to the Xia-Shang Dynasty; Layer ③ represents the deposits of the Zhou Dynasty.


Table 1 | Dating results.



The depth-age model of the T7 west wall section shows that Layers ①–⑤ are attributed to the modern age, Ming-Qing Dynasty, Eastern Zhou Dynasty, Shang Dynasty, and Longshan culture, respectively (Figure 3). Besides, for the T13 west wall section, Layers ①–③ that are more affected by human activities are attributed to the modern age, Ming-Qing Dynasty, and Shang Dynasty-Longshan culture, respectively. The attributes of Layer ⑥ of the T7 section are consistent with those of Layer ④ of the T13 section which is dominated by sands. Such deposits are commonly distributed in the southern Taihang piedmont and represent the flooding deposition during the formation of the alluvial plain. Layer ⑦ of the T7 section are typical results of fluvial processes. Considering the age-depth model, these deposits shall be formed at 6–11 ka BP. The medium-coarse sands below Layer ⑦ of the T7 section and Layer ④ of the T13 section are believed to be formed at the base of the alluvial fan during the late Pleistocene.




Figure 3 | The depth-age model of the T7 west wall section.





Pollen assemblage

The pollen analysis indicates that the sedimentary samples from the FTG site all present very low pollen concentrations, with a maximum of about 68 spores/g and a minimum of only 5 spores/g. Low pollen concentrations are relatively common in the region. This phenomenon also appears in many geological sections in the immediate vicinity, such as the Shiyuan section and the Dahecun section (Xu et al., 2013; Ren et al., 2021).

Deposits below Layer ⑤ have an extremely low content of pollen. The pollen types identified across the geological section are also limited and a total of 45 families are observed (Figure 4). Specifically, the needle-leaf plant includes three families (genera), namely Picea, Pinus, and Tsuga; the deciduous broadleaf plant includes 15 genera, namely Rhus, Betula, Carpinus, Ulmus, Lonicera, Viburnum, Salix, Tilia, Quercus, Ericaceae, Spiraea, Castanea, Juglans, Oleaceae, and Nitraria; the herbaceous plant includes 19 families (genera), namely Ephedra, Boraginaceae, Artemisia, Caryophyllaceae, Chenopodiaceae, Compositae, Gentiana, Convolvulaceae, Gramineae, Cultural Gramineae, Saxifragaceae, Potentilla, Urtica, Polygonum, Sanguisorba, Euphorbiaceae, Scrophulariaceae, Cyperaceae, and aquatic Typha; the fern includes six families (genera), namely Lycopodium, Selaginella. Sinensis, Hicriopteris, Polypodiaceae, and Angiopteris. Moreover, a few freshwater still-water algae are observed, including Concentricystes and Zygnema.




Figure 4 | Palynogram of the FTG site.



According to the pollen concentration and its variation characteristics, three components are identified in the section.

Assemblage III: Selaginella Sinensis-Pinus-Sellaginella-Cyperaceae corresponds to the lower part of Layer ② of the T7 section (at depths of 48–60 cm).

The total pollen concentration of this assemblage is 14–16 grains/g. The fern pollen is the most abundant (60.0%–68.83%), followed by pollen grains of needle-leaf plants (17.53%–33.0%), which is further followed by the fewest pollen grains of herbaceous plants (6.0%–13.64%) and deciduous broadleaf plants (0–1.0%). The pollen grains of needle-leaf plants are only of Pinus (17.53%–33.0%), while those of the deciduous broadleaf plant are only of Quercus. In terms of the herbaceous plant, the pollen grains are seen with a predominance of those of Cyperaceae, followed by the pollen grains of Compositae (0–2.60%) and Chenopodiaceae (0–1.0%); only a few are attributed to the Caryophyllaceae, Artemisia, Euphorbiaceae, and Polygonum. The spores of the fern are mostly contributed by the Selaginella Sinensis (42.92%–54.0%). The second-largest contributor is Sellaginella (6.0%–19.34%), followed by the third Hicriopteris (0–6.49%). The spores of Angiopteris and other families (genera) are rare.

Assemblage II: Pinus-Artemisia-Spiraea-Compositae-Selaginella Sinensis corresponds to Layers ③ and ④ of the section (at depths of 60–112 cm).

The totalpollen concentration of this assemblage is 7–25 grains/g. The needle-leaf plant has the most pollen grains (30.97%–70.30%), followed by those of the herbaceous plant (14.0%–68.39%), the fewer pollen grains of the deciduous broadleaf plant (0–26.42%), and also the fewer spores of fern (0–12.0%). The pollen grains of needle-leaf plants are found with a predominance of those of Pinus (30.97%–70.30%), accompanied by a few pollen grains of Tsuga. For the deciduous broadleaf plant, the pollen grains of Spiraea are occasionally seen with high contents and a few pollen grains of Betula, Carpinus, Nitraria, Lonicera, and Viburnum. Quercus, Tilia, Ulmus, and Oleaceae are observed. Among herbaceous plants, Artemisia presents the most pollen grains (10.89%–63.78%), followed by Compositae (0–10.20%), Chenopodiaceae (0–7.0%), Gramineae (0–7.10%), and Cyperaceae (0–1.0%); the pollen grains of Ephedra, Convolvulaceae, Gentiana, Sanguisorba, Saxifragaceae, and aquatic Typha are seldom seen. In terms of the fern, most spores are attributed to Selaginella Sinensis (0–10.0%), with some from Sellaginella and Hicriopteris.

Assemblage I: Pinus-Artemisia-Spiraea-Gramineae corresponds to Layer ⑤ of the section (at depths of 112–138 cm).

This assemblage is found with a total pollen concentration of 8–26 grains/g, composed of the most pollen grains of needle-leaf plants (47.26%–57.85%), those of herbaceous plants (15.23%–50.25%), then those of deciduous broadleaf plants (1.99%–28.48%), and at last the fewest spores of fern (0.50%–3.97%). Specifically, Pinus is dominant among needle-leaf plants, with some pollen attributed to Picea and Tsuga. For the deciduous broadleaf plant, Spiraea presents the most pollen (1.99%–27.15%), while that of Quercus (0–2.48%), Rhus, Betula, Carpinus, Ericaceae, Castanea, Juglans, Salix, Tilia, and Ulmus is rarely seen. For the herbaceous plant, the pollen of Artemisia is the most (0.83%–46.27%), successively followed by the less pollen of Gramineae (0–8.26%), Compositae (1.74%–4.96%), Chenopodiaceae (0–2.61%), Boraginaceae, Cyperaceae, Cultural Gramineae, Polygonum, Scrophulariaceae, Potentilla, Urtica, Saxifragaceae, and aquatic Typha. For the fern, only a few spores of Selaginella (0–2.65%), Selaginella Sinensis (0–2.61%), Lycopodium, Polypodiaceae, Hicriopteris, and Angiopteris are identified.



Grain size distribution

Grain size distribution is closely related to the dynamic conditions and sedimentary environment during deposition. It is dependent on the rainfall, transportation dynamics, and geomorphic position, with its variation implying the relative strength of dynamic conditions and surface process evolution (Xia et al., 2003; Wang et al., 2015, Wang et al., 2016, 2017; Rosen, 2008).

Layer ⑦ of the T7 west wall section is dominated by sands, followed by silts. Layer ⑥ is composed of medium-grained sands and represents an obvious erosional event. Grain size analysis is not implemented in Layer ⑥ since the grains of this layer are generally large. For Layer ⑤ and above, the sediment grains are seen with a predominance of silts, followed by sands; furthermore, the younger sediments have higher clay contents (Figure 5).




Figure 5 | Grain size and magnetic susceptibility of the FTG site.



Layer ⑥ is primarily dominated by sands (80.4%–56.6%), the content of which gradually declines vertically upward. The second-largest component is silt (18.3%–39.6%) and the clay content is very low (1.2%–3.9%). The average grain size is 2.9–3.9Φ. The sorting coefficient is 1.5–2.7 and the kurtosis is 0.9–1.7, indicating poor sorting. The skewness is 0.58–0.14, suggesting the presence of coarse-grained components.

Layer ⑤ consists of silts (45%–64%), upward-decreasing sand (28%–50%), and upward-increasing clay (3.5%–6.9%). The average grain size is 4.3–5.4Φ. The sorting coefficient is 2.5–2.0, which, together with the medium kurtosis, implies weakening hydrodynamics and steadily developing limnetic facies. The sorting is relatively good. The skewness is 0.1–0.3 (positively skewed) and suggests the presence of certain coarse components.

Layer ④ is dominated by silts (51%–65%), followed by sands (28%–42%) and clays (5.7%–6.5%). There is a sharp increase in the sand content in the middle of the layer, which may result from a flooding event. The average grain size is 4.8–5.4Φ; the sorting coefficient is 1.9–2.5; the kurtosis is medium (0.9–1.1); the skewness is 0.1–0.3 (positively skewed). In general, the hydrodynamics of this period are weak and the sediments are well sorted. This layer shall represent the most stable development of the limnetic facies.

Layer ③ is dominated by silts (52%–72%), followed by sands (23%–42%) and clays (4.2%–7.1%). The average grain size is 4.7–5.5Φ. The sorting coefficient is 1.8–2.4 and the kurtosis is 0.9–1.1 (medium), which indicates stable hydrodynamics and good sorting. The skewness is 0.1–0.2 (positively skewed). The development of the limnetic facies is relatively stable during this period.

Layer ② is still dominated by silts (63%–71%), followed by sands (25%–32%) and clays (3.7%–5.6%). The site area had completely changed into a terrestrial environment by the deposition of Layer ②.



Magnetic susceptibility

Can be used as a proxy during the paleo-environmental reconstruction (Ji and Xia, 2007). It is relatively low in the fluvial-lacustrine facies (below Layer ⑤), and it gradually increases vertically upward, reaching high values in Layers ③ and ② (Figure 4). This is attributed to the intensifying human activity. The lower half of Layer ⑤ has high and significantly variable magnetic susceptibility, which results from the abundant superparamagnetic grains in the sediment.

For Layer ⑤, the mass magnetic susceptibility is (2.5–6.6) ×10-8 m3/kg, while the frequency magnetic susceptibility varies greatly within the range of (1.1–29.1) ×10-8 m3/kg.

For Layer ④, the mass magnetic susceptibility grows gradually within the range of (6.9–18.2) ×10-8 m3/kg, while the frequency magnetic susceptibility changes within the range of (3.4–13.0) ×10-8 m3/kg.

For Layer ③, the mass magnetic susceptibility widely ranges from 23.4 ×10-8 m3/kg to 36.1 ×10-8 m3/kg, whereas the frequency magnetic susceptibility is relatively stable, with a range of (18.7–17.1) ×10-8 m3/kg.

For Layer ②, the mass magnetic susceptibility varies in the range of (42.7–91.5) ×10-8 m3/kg, whereas the frequency magnetic susceptibility is (9.4–12.5) ×10-8 m3/kg.




Discussion


Reconstruction of the Holocene vegetation landscape

There is a set of pollen data from the Wangjiadian (WJD) section (36°5′47.66″N, 114°24′5.52″E) in the adjacent Anyang area. It is a 198 cm long continuous and undisturbed section from a location with no cultural remains (Cao et al., 2010). According to the stratigraphic chronology, our Assemblages I, II, and III should correspond to the Pollen Zones 4, 5, and 6 of the WJD section, respectively. The pollen in FTG and WJD sections is found to have very similar species and quantities. Although the FTG section is imprinted by the human culture sediment, the pollen results are still representative of the region.

The early-middle Holocene sediment in the study area contains little pollen. Although this phenomenon is closely related to the type of sediments, it also to some extent indicates the scarce vegetation in the floodplain during the early-middle Holocene.

During 5000–4000 BP, mixed broadleaf-conifer forest-grassland is dominant. The needle-leaf tree is mainly Pinus, while the deciduous broadleaf plant is dominated by Spiraea. Moreover, the herbaceous plant is seen with a predominance of Artemisia, Gramineae, and Compositae. Previous studies on pollen grains of Pinus indicate that pine forests are likely, only if the pollen content of Pinus is over 30% (Li and Yao, 1990; Li et al., 2005; Xu et al., 2007). This region is associated with a Pinus pollen content of 46.77%–57.85%, suggesting the possible presence of pine forests in the surrounding areas. Water is suggested to be nearby according to the presence of heliophilous trees such as Rhus, Carpinus, Juglans, and Tilia, the considerably higher pollen content of Artemisia than that of Chenopodiaceae, and the few pollen grains of aquatic Typha. Identified pollen of Cultural Gramineae is likely to be indicative of human activities and crop cultivation. The terrestrial plant assemblage of Pinus-Artemisia-Spiraea-Gramineae reveals that the region has changed from floodplain to land and large-scale human activities have started in this region.

During 4000–2400 BP, the mixed broadleaf-conifer forest-grassland is prevalent. The overall content of the deciduous broadleaf plant is lower than that of Assemblage I. The terrestrial vegetation assemblage of Pinus-Artemisia-Spiraea-Compositae-Selaginella Sinensis implies the growing area of land. Meanwhile, sporadic aquatic plants suggest the presence of some large waters in the study area.

During the Ming-Qing Dynasty, the open forest-grassland takes dominance. Ferns extensively grow under trees. The abundance of woody plant pollen is notably lower than that of the former two periods; in contrast, the spores of fern (Selaginella and Selaginella Sinensis) are much higher during this period. The content of Pinus pollen is less than 30% at the interval of 48–56 cm, which means the absence of pine forests during this period. The representative vegetation assemblage is Selaginella Sinensis-Pinus-Sellaginella-Cyperaceae, accompanied by no aquatic plants.



Holocene environmental evolution in the study region

Holocene environmental evolution in the study region can be clarified (Figure 6), according to the vegetation landscape evolution, sedimentary characteristics, grain size distribution, and magnetic susceptibility of the field geological sections.




Figure 6 | Regional landscape evolution (A). In the Late Pleistocene (before 10000 BP), there were no fixed channels on the alluvial fan, with dominant overland flow. The vegetation landscape was mainly grassland; (B) During the Longshan period (4000-4500 BP), rivers erode down to form fixed channels on the alluvial fan. The pollen assemblage of Pinus-Artemisia-Spiraea-Gramineae reflects the vegetation landscape of the forest-steppe. Humans began to settle down there; (C) During the Xia-Shang periods (4000-3100 BP), many lakes formed on the alluvial fan. The vegetation landscape is still forest-steppe. Human activity gradually intensifies; (D) During the Zhou Dynasty (3100 BP-), the lakes disappeared. The vegetation landscape was thin grassland again.).



From the end of the late Pleistocene to the early-middle Holocene, the study region is found with deposition of mostly grey-yellow silty-fine sands, which are basal sediments of the floodplain and have a very wide distribution. The sand content gradually declines vertically upward, accompanied by a certain amount of silts and a limited content of clays. The poor sorting is believed to result from flooding. As the region is located in the piedmont of Taihang Mountain, river systems are highly developed in this region, associated with strong hydrodynamics and short flow distance. Moreover, the water flow path is not fixed, featured by bifurcation and avulsion. Consequently, the floodplain presents a rather unstable landform.

During 6000–5000 BP, Layer ⑥ of the T7 section develops dark-brown medium-coarse grained sands with a trough-like distribution. These medium-coarse sands indicate high transportation capability of rivers and shall be lag deposits of river erosion. In contrast, the overlying loess-like silty-fine sands of the floodplain facies indicate the decreasing transportation capability of rivers. The sedimentary characteristics suggest that there once exists a fluvial erosion and deposition process—first, a wide gully is formed as the river erodes the early floodplain and then silty-fine sands accumulate in the gully.

During the late Longshan culture 5000–4000 BP, the grey-brown clay of Layer ⑤ of the T7 west wall section is deposited (representing the limnetic deposition). A large-scale river erosion event happened in the early stage of this period. The previous loess-like deposits are eroded into elongated downlands. After the river erosion, the silting-up of the river starts, and the limnetic facies begins to develop.

During 4000–3000 BP, the limnetic facies in the region continues developing. The color, lamination, and grain size distribution of the sediments are all similar to those of the lower sediments, except that the sediment color becomes lighter. No notable discontinuity of deposition is observed. The dominant presence of silts and the stable content of clays suggest weak hydrodynamics and steadily developing limnetic facies.

After 3000 BP, the limnetic facies remains in this region, but it tends to decrease and even vanish as suggested by the stable hydrological conditions according to the dominant presence of silts and the stable content of clays. With silting-up, the water depth decreases and the water area expands to the edge of the loess downland. Afterward, the limnetic facies is gone and pedogenesis begins. The magnetic susceptibility is considerably higher during this period, indicating the intensifying human activities in this region.



Human activity history and evolution in the region

Although our archaeological excavation area is a bit small, the artificial remains in different layers can still reveal some characteristics of regional human activities (Table 2). Through these remains, we confirm that large-scale human activities in the piedmont of Taihang Mountain start in the late Longshan culture (about 4000 BP). After an erosional event, stable river channels are formed and the floodplain gradually changes into the mixed broadleaf-conifer forest and grassland. Humans start to dwell in the highlands, and they get stable water supply from nearby gullies formed by river erosion.


Table 2 | The main artificial remains found in archaeological excavation.



During the Xia-Shang Dynasty (4000–3100 BP), gullies continue growing and the overall landform is stable. Ancient humans still live in the highlands besides the gullies where the water supply can be guaranteed.

During the Zhou-Han Dynasty (3100–2000 BP), the downward erosion of rivers in the region results in the vanishment of the limnetic facies in the gullies. Consequently, humans have to expand their activity area.

Since 2000 BP, the limnetic facies vanishes, accompanied by the prevalence of open forests and grasslands. Human activities further grow during this period.

The fixation of river channels and the transition of the region from the floodplain to the open forests and grasslands are exemplified to be vital for the large-scale human cultural development in the piedmont. The massive shrinkage of the floodplain since the late Longshan culture contributes to the favorable living environment for human settlements. Afterward, the region is associated with large-scale human activities and the human culture continuously develops.

Archaeological excavations at some nearby sites have also revealed a similar history of regional human activities. In the Huixian Mengzhuang site, the only found early remains are ash pits (Henan Provincial Institute of Cultural Relics and Archaeology, 1999). During the Longshan period, there were a large number of houses in this site. Archaeologists have even found a city site (Henan Provincial Institute of Cultural Relics and Archaeology, 2000). In the Xinxiang Lidazhao site, all remains of the Yangshao culture are ash pits. Since the Longshan period, the remains have become more and more abundant in this site (Han and Zhao, 2006). In the Huixian Suncun site, houses, wells, and ash pits of the Shang Dynasty are found (Archaeology Department of History School of Zhengzhou University et al., 2008). These indicate that human activities have gradually intensified since the Longshan period.

Our research results are consistent with the regional human activity history from the summed probability distribution (SPD) of large radiocarbon databases (Wang et al., 2014; Ren et al., 2021). According to an SPD of radiocarbon dates in Central China (Ren et al., 2021), the regional population in the late Longshan period (4000 BP) is higher than that in previous periods. Then the regional prehistoric culture continues to develop and reaches its peak in the Xia and Shang Dynasties. These also further prove the rationality of our research results.




Conclusions

The history and environmental mechanism of human activities in the piedmont zone of Taihang Mountain, a well-known mountain with high ecological and cultural significance in history, are of great importance to reveal the interaction between humans and environments. The following conclusions are drawn in this research:

First, the southern Taihang piedmont is dominated by floodplains during the Late Pleistocene. During the late Longshan culture (4500–4000 BP), the region is found with the pollen assemblage of Pinus-Artemisia-Spiraea-Gramineae, with alternating open forest-grassland and rivers/lakes. This state remains until 2000 BP. Afterward, lakes and marshes vanish, and the region is dominated by the open forest-grassland.

Second, a regional fluvial erosional event occurs during the middle Holocene (6000–4500 BP), which leads to the gradual fixation of river channels to form stable flow paths. Therefore, the situation with the unfavorable long-term flooding in the region is finally changed.

Third, the large-scale human activities in the southern Taihang piedmont start at about 4000 BP during the late Longshan culture. The fixation of river channels and the prevalence of open forest-grassland have played important roles in this process.

This research validates the fundamental role of the natural environment in impacting the interaction between humans and the local environment. Only if the natural environment becomes favorable can large-scale human activities be sustained to subsequently create the brilliant early civilization.
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Phytoliths, as a newly developing plant proxy, have broad application prospects in paleoclimate and paleoethnobotany. However, the shortage of studies regarding tropical-subtropical plants and topsoil phytoliths interferes with the research progress on primitive humanity’s utilization of plant resources and paleoclimate in the region. This research focuses on the subtropical mountainous region with a monsoon climate of low latitudes in Southwest China to conduct phytolith morphology analysis of living plants and phytolith/pollen assemblages of topsoil to reveal the indicative significance of vegetation and climate. A total of 111 species from 50 families, including 73 species from 33 tree/shrub families, 31 species from 12 herb families and 7 species from 5 fern families, were collected for morphological characteristics analysis, as well as 19 topsoil specimens for phytolith and pollen assemblage analysis. The results suggest that phytoliths are mainly deposited in situ, with assemblages of topsoil corresponding well with plant types in the quadrat and being able to exhibit constructive species in small regions. In comparison, pollen assemblages of topsoil dominantly respond to regional vegetation due to their long-distance transportation and widespread presence, in addition to their characteristics that correspond to the vegetation in the quadrat. The topsoil phytolith assemblages are mainly based on the elongate-bulliform flabellate-square/rectangle-broadleaf-types (including spheroid echinate), and the vegetation types indicate the subtropical climate. In addition, phytolith assemblages of Poaceae are dominated by collapsed saddle-bulliform flabellate square/rectangle-elongate-point, reflecting warm and humid conditions. The pollen assemblages mainly consist of Pinus, Betula, Alnus, deciduous Quercus, Euphorbiaceae, Rhamnaceae and Polygonum, reflecting tropical-subtropical plant communities and indicating warm and humid conditions. Overall, phytolith and pollen assemblages have unique characteristics and are thus explicitly representative of the low-latitude subtropical monsoon climate.

KEYWORDS
 subtropical region, modern vegetation, surface soil phytolith, surface soil pollen, climate


Introduction

As good biological proxies, pollen and phytoliths have attracted extensive attention from paleoclimate scholars due to their sensitivity to environmental changes as well as their abundance and wide distribution (Herzschuh et al., 2010; Stebich et al., 2015; Lu et al., 2018). At present, studies on the reconstruction of past climate changes based on pollen and phytoliths have been carried out in various regions of the world, making important contributions to paleoclimate studies (Whitmore et al., 2005; Shen et al., 2006; Lu et al., 2007).

Southwest China is a key area to study the history of the southwest monsoon. In recent years, studies on the reconstruction of paleovegetation, paleoclimate, and paleomonsoon in Southwest China based on fossil pollen have been increasing gradually (Xiao et al., 2014; Zhang et al., 2020). Nevertheless, studies on topsoil pollen in China are mainly concentrated in northern China (Xu Q. H. et al., 2005, Lu et al., 2006; Xu et al., 2007; Li et al., 2008, 2012; Luo et al., 2010) and the Tibetan Plateau (Lu et al., 2004; Wei et al., 2018; Zhang et al., 2018; Qin, 2021), yet these studies conducted in southern China are relatively weak. Previous studies mainly rely on subjective empirical inference when interpreting the environmental significance of sedimentary pollen and phytoliths, failing to give accurate quantitative results. There are differences in types and contents between topsoil pollen/phytolith and pollen/phytolith assemblages from plant communities; moreover, phytoliths of different plants or different phytoliths of the same plant have distinct vegetation representativeness (Xu D. K. et al., 2005; Liu et al., 2020). This will affect the accuracy of paleoclimate reconstruction based on topsoil pollen and phytoliths. The vegetation representativeness level of topsoil pollen and phytoliths, therefore, is the critical issue restricting the accuracy of palaeovegetation and palaeoclimate restoration.

Phytoliths also play an irreplaceable role in interpreting the origins and domestication of prehistoric human use of plant resources and cultivated crops (Lu et al., 2007, 2009; Yang et al., 2013; Liu, 2016). Currently, studies regarding phytoliths of modern plants mainly focus on Poaceae (Li et al., 2005; Piperno, 2006; Huan et al., 2015). The silicon morphology of economic crops has also been widely studied, such as Musa basjoo (Ball et al., 2006; Horrocks et al., 2009), Palmae (Xu D. K. et al., 2005), Cucurbita moschata (Piperno et al., 2000), Lagenaria siceraria (Piperno and Stothert, 2003), Manihot esculenta, Maranta arundinacea and other tubers (Chandler-Ezell et al., 2006). However, the number of studies on phytoliths of Xylophyta is still relatively low. The possible reason for this lack of study is that the phytoliths of xylophyta vary greatly in morphology, and only a few phytoliths have taxonomic significance (Wang and Lu, 1993). If more detailed taxonomic identification of the phytoliths in xylophyta living in different habitats is conducted, phytoliths may become more accurate environmental indicators, similar to pollen’s implications for vegetation.

In recent years, scholars have intensified the research on the phytolith classification of xylophyta, such as Palmae (Xu D. K. et al., 2005; Fenwick et al., 2011), tropical xylophyta (Bai et al., 2020), common xylophyta in China (Ge, 2016) and xylophyta from Mozambique, East Africa (Mercader et al., 2009). Although there has been gains in understanding, there is a wide variety of species of xylophyta, especially in tropical-subtropical regions, which need to be supplemented by further information on their phytoliths. Compared with pollen, phytoliths have an irreplaceable advantage in local vegetation restoration. Systematic research on the phytolith classification of xylophyta can provide a fundamental reference to vegetation zones, plant communities, and even typical species for pass human activity studies (An et al., 2015).

Some advances have been made in the study of topsoil phytoliths in revealing climatic environments. Wang and Lu (1993) qualitatively summarized cold and warm typal phytoliths according to the spatial distribution of different phytolith types in Chinese topsoil. Since the characteristics of phytolith assemblages on the surface of peatland in northeast China are significantly correlated with latitude, altitude, and humidity, paleoclimate can be inferred by the climate transfer function (Zhang et al., 2008). The study on phytolith assemblage characteristics in Changbai Mountain found that the paleoenvironmental pattern deduced from the phytolith assemblage was consistent with the results of pollen analysis (Li et al., 2011). However, overall, research on topsoil phytoliths in China is inadequate, particularly in tropical-subtropical regions.

In this paper, the semihumid evergreen broad-leaved forest area of Hengduan Mountain, Southwest China, was selected as the area of interest, and modern plants from Nongke Mountain, Cangyuan, were collected for phytolith morphology analysis; topsoil pollen and phytolith studies in the study area were also conducted. This study is a useful supplement to the phytoliths of modern plants, topsoil phytoliths and pollen in Southwest China, providing a reliable reference and basis for the accurate interpretation and quantitative reconstruction of fossil pollen in the study area.



Location and vegetation information

The study area is located in the middle part of the Lancang River Basin with complex terrain and a great diversity of habitat in western Yunnan, China. Affected by the Indian Monsoon, the monsoon climate of low latitudes in subtropical mountains was warmer and damper (Figure 1), with a mean annual temperature of 17.6°C and annual precipitation of 1740 mm.1 The area is part of the semihumid evergreen broad-leaved forest region in the Hengduan Mountains and largely overlaps with the bamboo-rich area in Asia. The vegetation species are abundant in this area, containing various broad-leaved woody plants (Yunnan Vegetation Compilation Group, 1986), mainly Castanopsis hystrix, Castanopsis indica, and Castanopsis ferox. Pinus yunnanensis forest is widely distributed in the region, while Pinus kesiya is sporadically distributed. Vegetation such as Schima reinw, Alnus nepalensis, Quercus acutissima and Quercus variabilis are often scattered on the grassy slopes of barren hills (Yunnan Vegetation Compilation Group, 1986). According to the sampling survey, 1,000–1,300 m in this region was mainly warm bamboo forest and warm evergreen-deciduous broad-leaved forest (The Bambusoideae, Fagaceae, Fabaceae, Moraceae are the main families. And also include Oleaceae, Betulaceae, Urticaceae and vine. Under the forest, Poaceae, Trevesia palmata, ferns are grown). 1,300–1950 m, there are mainly bamboo forest, pine forest, quercus forest and hazel forest in this region. Contains Euphorbiaceae, Betulaceae, Moraceae, Myricaceae, Juglandaceae, Taxodiaceae and Rhamnaceae. Poaceae, Zingiberaceae, Asteraceae and ferns grow under the forest. Corn land distribution in the region. 1,950–2,100 m, mainly pine forests and coniferous forests, including some evergreen broad-leaved components (Theaceae, Betulaceae, Rosaceae and Betulaceae. And Liliaceae, Asteraceae and Zingiberaceae grow under the forest).
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FIGURE 1
 Vegetation map of regional location (A) and mean annual temperature and annual precipitation in the research area (B).




Materials and methods


Plant and topsoil sampling

A total of 19 representative quadrats from different altitudes (covering the local mountain vertical vegetation belt) were selected in southern Hengduan Mountain (23°17.71′ ~ 23°20.26′N, 99°28.69′ ~ 99°34.97′E, altitude: 1,050 ~ 2,100 m) for plant and topsoil sampling in December 2020 in Cangyuan County. There were 111 species of plants, 19 topsoil samples and 1 moss sample (CYM10, as a parallel sample of CY10) collected (Figure 2).

[image: Figure 2]

FIGURE 2
 Geographical location of topsoil samples and vertical distribution of sampling points.


Topsoil sample collection: A 1 m2 quadrat was selected, and topsoil samples were mixed of subsamples of topsoil from the top 2 cm from the 4 corners and the center point of the square quadrat by removing the turf. A total of 19 topsoil samples were used and covered the main vegetation types of the local mountain vertical vegetation zone, and the sampling point information and vegetation types are shown in Tables 1,2.



TABLE 1 Plant samples used in the experiment.
[image: Table1]



TABLE 2 Original records of surface soil sample collection near Nongke Village, Meng Province Town, Cangyuan County.
[image: Table2]

Plant sample collection: whole plants of herbaceous plants were collected, including roots, stems, leaves and spikes. Mature leaves were mainly collected from woody plants, with only a small number of fine branches also collected. All plant specimen samples were encapsulated individually in cowhide envelopes. In addition, a small number of samples for the analysis of modern plant phytoliths were collected in April and September 2021 in Xishan, Kunming and Kunming Botanical Garden, respectively.



Identification of plant species

Species identification was performed on all collected plant samples. First and foremost, a few common species of plant samples were identified by a botany instructor at Yunnan University, while most of the samples were delivered to Tsingke Biotechnology Co., Ltd. to determine genus and species by DNA barcoding molecular identification technology, usually identified to the genus level, some plants identified to family. The taxonomic information and Latin names of the plant species used are collated with reference to http://www.iplant.cn (Table 1).



Pretreatment methods of plant phytoliths, topsoil phytoliths, and pollen

Plant phytolith extraction: every part of each specimen was cleaned with distilled water in an ultrasonic water bath to remove adhering particles and then dried in an air drying box. The dried materials were cut into smaller parts and placed in separate tubes, and 20 ml (or enough to submerge the materials) saturated nitric acid was added to each tube and left for one night. The next day, the tubes with materials were heated in a water bath until the solution became clear and transparent. After removing the supernatant, the solutions were centrifuged and rinsed with distilled water 3 times and then with ethyl alcohol twice. Then, the extracted phytoliths in each tube were mounted on separate slides using Canada Balsam for further observation.

Topsoil phytolith extraction: A subsample of 3 g was taken from each collected dried topsoil sample. The dried materials were sequentially processed as follows: (1) organics were removed with hydrogen peroxide; (2) carbonates were dissolved with 10% hydrochloric acid; (3) flotation of phytoliths was accomplished using a ZnBr2 solution (density 2.35 g/cm3); and (4) after cleaning the flotation sample with distilled water and ethyl alcohol, each subsample was mounted on separate slides using Canada Balsam for further observation.

Pollen extraction: A subsample of 3 g was taken from each collected dried topsoil sample. The dried materials were sequentially processed as follows: (1) 10% hydrochloric acid was added; (2) 10% potassium hydroxide was added and heated in a water bath to remove organics; (3) 40% hydrofluoric acid was added to the cleaned sample and heated in a water bath to remove the silicate; (4) 15% hydrochloric acid was added and heated in a water bath to remove the soluble fluoride from the sample; (5) the samples were dehydrated by adding glacial acetic acid, and (6) after removing the supernatant, the solutions were added to a mixture of 9:1 acetic anhydride and concentrated sulfuric acid and heated in a water bath for 5 min. After passing through a 7 μm sieve, each subsample was mounted on separate slides adding glycerol for observation.



Identification and statistics of phytoliths and pollen samples

The average number of phytoliths and pollen in topsoil samples was over 400 grains per sample, where the percentage of phytoliths was calculated excluding two types, stomata and sponge spicules; the percentage of terrestrial pollen was calculated based on the sum of shrubs and terrestrial herbs, while the percentage of pollen was calculated based on the percentage of pollen of trees, shrubs, terrestrial herbs and ferns. Finally, cluster analysis was performed using Tilia and generating phytolith and pollen percentage maps (Grimm, 2004).




Results


Phytolith morphology analysis of modern plants

The results of the field vegetation survey and sampling suggest that the vegetation types of south Hengduan Mountain mainly consist of Fabaceae, Euphorbiaceae, Celastraceae, Fagaceae, Moraceae, Lauraceae, Theaceae, Palmae, Poaceae, Asteraceae and ferns. Fagaceae, Fabaceae and Moraceae account for a relatively large proportion in forests. The vegetation composition of the sampling area changed slightly with elevation. A total of 111 genera and 50 families of modern plant samples were collected, including 73 genera and 33 families of trees and shrubs, 31 genera and 12 families of herbs, and 7 genera and 5 families of ferns. The morphological characteristics of the phytoliths of each family and genus are as follows.

(1) Phytolith morphology of trees and shrubs.

Among the 9 Fagaceae species analyzed, “Y” type/bow type, spiral-spindle, net-spindle, woody-elongate/block, tracheid, polygonal plate, hair cell, hair cell base and silicified stomate (Plate 1).
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PLATE 1
 


A total of 12 different types of phytoliths were produced in 13 Fabaceae plants (Plate 1, 29–60). “Y” type/bow type, abbreviated stellate, polygonal plate, globular smooth, short point, tracheid, woody elongated, epidermal cell, smooth hair cell, hair cell base, palisade mesophyll and siliconized stomatas. Many silicified stomata were found in Bauhinia, and a large number of smooth hair cells were found in Campylotropis macrocarpa (Plate 1, 35–41).

Moraceae contains most of the Fagaceae and Fabaceae types, and spheroid echinate (large), spheroid ornate and bird-mouthed hair cell were also seen (Plate 1, 61–63; Plate 2, 1–26).
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PLATE 2
 


Lauraceae contains most of the Fagaceae types (except net-spindle and abbreviated stellate (Plate 2, 27–39), and more siliconized stomatas are found in Machilus nanmu (Plate 2, 40–42).

The morphology of phytoliths in Celastraceae includes woody-elongate, thorn-elongate, long point, block type, ‘Y’ type/bow type, abbreviated stellate, polygonal plate, tracheid, and siliconized stomata (Plate 2, 43–44; Plate 3, 1–11).
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PLATE 3
 


Acanthaceae includes elongate, epidermal cell, spheroid echinate (small), hair cell stalactite and silicified stomata, among which hair cell stalactite accounts for the majority of phytolith types (Plate 3, 12–18).

Anacardiaceae contains a large number of epidermal cells (Kealhofer and Piperno, 1998). Rhus chinensis (Plate 3, 19–23) includes not only a large number of polygonal plates but also woody-elongate, palisade mesophyll, hair cell base, and silicified stomata.

Phytoliths are also abundant in Euphorbiaceae (Alexandre et al., 2012). The results show that Euphorbiaceae contains polygonal plate, woody elongate, weakly silicified epidermis, silicified stomata and silicified mesophyll tissue (honeycomb type; Plate 3, 24–29).

Alangium chinense in Alangiaceae contains abundant phytoliths, including the “Y” type/bow type, abbreviated stellate, polygonal plate, tracheid, woody-elongate, globular smooth, and a large number of smooth hair cells (Plate 3, 30–36).

Embelia ribes in Primulaceae include the woody block, tracheid, silicified stomata, and numerous polygonal plates (Plate 3, 37–41).

Only Ilex was analyzed in Aquifoliaceae, which contained fewer phytoliths and only weakly silicified epidermis and epidermal cell (Plate 4, 1).
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PLATE 4
 


Ericaceae contains a large number of phytoliths, mainly including woody-elongate, woody-block, “Y” type/bow type, tracheid, weakly silicified epidermis, and numerous spiral-spindles and net-spindles (Plate 4, 2–12).

The phytolith content in Betulaceae is relatively low, and only polygonal plate, palisade mesophyll and weakly silicide epidermis (Plate 4, 13–16).

Juglans regia was analyzed in Juglandaceae, which contains two forms, woody-elongate and spiral-spindle, among which spiral-spindle has a large content (Plate 4, 17–19).

Apocynaceae, including square, rectangle, abbreviated stellate, and palisade mesophyll, etc. (Plate 4, 20–28).

Palme plants contain abundant phytoliths (Xu D. K. et al., 2005; Fenwick et al., 2011), Phoenix dactylifera and one unknown species mainly included two types of phytoliths: spheroid echinate (small, <20 μm) and thorn-elongate (Plate 4, 29–32).

Four phytoliths have been found in the Meliaceae plant Cipadessa baccifera, including palisade mesophyll, polygonal plate, smooth hair cell, and siliconized stomata (Plate 4, 33–36).

Vitex common phytolith types include abbreviated stellate (there are many), polygonal plate, plate-elongate, rectangle, woody-block, and hair cell (Plate 4, 37–43).

Pygeum Topengii contains a large number of abbreviated stellate epidermal cells, and Dichotomanthes tristaniicarpa contains a large number of tracheids (Plate 4, 44–47).

The Dendrophthoe of Loranthaceae mainly includes epidermal cell, woody-block, and “Y” type/bow type (Plate 4, 49–51).

Flacourtia rukam of Salicaceae includes the “Y” type/bow type, woody-elongate, polygonal plate, tracheid, and siliconized stomata (Plate 5, 1–5).
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PLATE 5
 


A small amount of phytoliths is found in Theaceae plants. In Schima, there are mainly weakly silicified epidermis, wood elongates and tracheids. Anneslea fragrans contains smooth hair cell and tracheid. Eurya alata contains smooth hair cells and woody blocks; phytoliths are not included in Camellia sinensis (Plate 4, 48, 52–54; Plate 5, 6–10).

Rhamnaceae contains woody-elongate, woody-block, tracheid, polygonal plate, smooth hair cell, net-spindle, siliconized stomata and silicified hair base (Plate 5, 11–18).

Osyris quadripartite of Santalaceae contains three types of phytoliths: tracheid, siliconized stomata, and numerous epidermal cells (Plate 5, 19–21).

Only one block is found in Trevesia palmata of Araliaceae.

Phytolith is abundant in Urticaceae. In Oreocnide frutescens, the content of spiculate hair cell and smooth hair cell is relatively higher, and other forms include polygonal plate, spheroid ornate, tracheid and hair base. The other Urticaceae plant contains more forms include spheroid echinate (large), woody-elongate, abbreviated stellate, net-spindle, smooth hair cell, siliconized stomata, and its seeds also contain a large number of smooth hair cells (Plate 5, 22–33).

Melastoma Malabathricum of Melastomataceae has a low phytolith content, with only a weakly silicified epidermis, woody-block, and woody-elongate (Plate 5, 34–36).

Myrsine africana includes four types of phytoliths: polygonal plate, elongate, tracheid, and siliconized stomata (Plate 5, 37–40).

Oroxylum indicum of Bignoniaceae includes weakly silicified epidermis, woody-elongate, and tracheid (Plate 5, 41–43).

The unknown species of Magnoliaceae include epidermal cell, block, and unknown block, and the Michelia figo includes woody-elongate, abbreviated stellate, net-spindle, tracheid, and weakly silicified epidermis (Plate 5, 44–48; 50–54).

Dioscoreaceae includes abbreviated stellate, tracheid, square, palisade mesophyll, siliconized stomata, and long point (Plate 5, 49, 55; Plate 6, 1–4).
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PLATE 6
 


Cunninghamia lanceolata in Cupressaceae is rich in phytolith, including cube, woody-elongate and stone-like. Pinus yunnanensis in Pinaceae contains three types of phytoliths, including woody-elongate, cube and stone-like, and Keteleeria evelyniana only one stone-like (Plate 6, 5–13).

(2) Phytolith morphology of herbaceous plants.

Poaceae plants are widely distributed in different environments. Bilobate, smooth-elongate, thorn-elongate, sinuate-elongate, square, rectangle, long point and short point all appear in the samples. Collapsed saddle and bamb bulliform flabellate are characteristic of Dendrocalamus giganteus and Dendrocalamus peculiaris (Plate 6, 14–54; Plate 7, 1–48).
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PLATE 7
 


Ophiopogon Mairei contained less phytolith in Asparagaceae, and only bilobate and elongate were found (Plate 7, 49–50). Phytolith forms of Polygonatum are smooth-elongate, epidermal cell, and short point (Plate 7, 51–53).

Only smooth-elongate and unknown block phytoliths are seen in Alocasia (Plate 7, 54; Plate 8, 1).
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PLATE 8
 


The phytolith content in Labiatae is very low, with only a small amount of plate-elongate, tracheid types, etc. (Plate 8, 2–5).

The phytolith forms of Zingiberaceae include smooth-elongate, tracheid, polygonal plate, and long point types (Plate 8, 6–11).

Asteraceae has analyzed phytolith morphology in four plants, all of which have a high number of Epidermal cells. The tracheid, smooth-elongate types, are found in Artemisia Argyi. Smooth hair cells are found in Bidens pilosa (Plate 8, 12–20).

Polygonum chinense contains fewer phytolith, and only three different types are found in the roots, including unknown block, square, and smooth-elongate types (Plate 8, 23–25).

Musa Basjoo in Musaceae contains phytoliths that can be identified, including two cavate forms. Of course, a previous study by Premathilake et al. (2018) also compared these two forms in some detail (Plate 8, 26–28).

Gesneriaceae contains a small amount of phytolith and only one hair cell (Plate 8, 29).

Cleisostoma paniculatum in Orchidaceae contains a large number of spheroid echinate phytoliths with small individual forms (Plate 8, 21–22).

Dysosma majoensis in Berberidaceae contains smooth-elongate, plate-elongate, bulliform flabellate, tracheid and block types (Plate 8, 30–34).

Equisetum ramosissimum in Equisetaceae contains smooth-elongate, sinuate-elongate, weakly silicified epidermis and siliconized stomata types (Plate 8, 35–38).

(3) Phytolith morphology of pteridophytes.

Pteris, Pteris cretica, Drynaria, Pyrrosia, Athyrium, Botrychium ternatum, Pteridium aquilinum and so on were analyzed. Ferns produced many different phytoliths morphologies, including smooth-elongate, sinuate-elongate, block, abbreviated stellate, polygonal plate, wavy edge, triangular prism, triangular prism with scrobiculate, tracheid, rectangle, long point, short point, and siliconized stomata. Among ferns, the morphological types with distinguishing characteristics are mainly wavy and triangular prisms and triangular prisms with scrobiculate (Plate 8, 39–49; Plate 9, 1–18).
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PLATE 9
 




Phytolith assemblages in surface soil from the research region

Phytoliths in 19 surface soil samples were analyzed, and a total of 12,140 grains were tallied and identified. There are 35 diagnostic morphotypes, mainly including bilobate, collapsed saddle, square, rectangle, cuneiform, bamb bulliform flabellate, thorn-elongate, sinuate-elongate, plate-elongate, short point, long point, tower, tracheid, net-spindle, abbreviated stellate, woody-elongate, globular echinate, and triangular prism (Figure 3). However, some morphotypes identified in plant samples were not found in surface sample assemblages, including hair cell, hair cell base, palisade mesophyll, siliconized stomata, and cavate of Musa basjoo.
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FIGURE 3
 Diagnosis morphotypes of phytoliths in surface soil 1. Bilobate 2, 3. Collapsed saddle 4. Square 5. Rectangle 6. Bulliform flabellate 7. Bamb bulliform flabellate 8. Smooth-elongate 9. Thorn-elongate 10. Sinuate-elongate 11. Board-elongate 12. Short point 13. Long point 14. Tower 15. Tracheid 16. Net- spindle 17. Abbreviated stellate 18. Woody-elongate 19. Spheroid echinate (small) 20. Pteridophyte type.


The phytolith assemblages of surface soil can be divided into three zones, Ph-I, Ph-II and Ph-III, according to a cluster analysis by Tilia (Figure 4), as follows:
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FIGURE 4
 Chart of the percentage content of topsoil phytoliths in the research area.


Ph-I: The main phytolith assemblage of Ph-I is the collapsed saddle-bamb bulliform flabellate -square/rectangle. This zone includes three sample sites (CY4, CY7 and CY8) from a bamboo-broad-leaved forest in a warm lowland with altitudes ranging from 1,000 ~ 1,300 m. The main vegetation communities are Pinus, natural bamboo forest and wild bamboo forest, and beneath there are Poaceae and Ageratina adenophora. In this phytolith assemblage, collapsed saddle accounts for 20.2% and has the highest content, followed by sinuate-elongate (9%), short point (8.1%), long point (5.3%), bamb bulliform flabellate (4.7%), square (4.7%), and rectangle (6.1%). Among the three sample sites, CY7 has the most spheroid echinate (small), accounting for 6.2%. The collapsed saddle and bamb bulliform flabellate make up the largest portions of samples collected in the bamboo forest area.

Ph-II: The main phytolith assemblage is spheroid echinate (small)-woody (elongate/block). This zone includes four sample sites (CY6, CY10, CY13 and CY17) collected from warm broad-leaved forest and warm coniferous forest (containing an appreciable quantity of Palmae) with altitudes ranging from 1,300 ~ 1,950 m. The main vegetation communities are Quercus, Euphorbiaceae, Fabaceae, Betulaceae, Acanthaceae, etc., and beneath there are Phoenix loureiroi, Poaceae, Duhaldea cappa, Ageratina adenophora and Pteridophyta. In this phytolith assemblage, the content of spheroid echinate (small) was the highest, ranging from 0.3 to 33.4%, with an average content of 14.9%. The average content of woody (elongate/block) is 2.2%. The main diagnostic phytolith morphotype of surface soil samples collected in the Palmae area is spheroid echinate (Palmae type).

Ph -III: The main phytolith assemblage is elongate-point-spheroid echinate (small). This zone includes 12 sampling sites (CY1, CY2, CY3, CY5, CY9, CY11, CY12, CY14, CY15, CY16, CY18 and CY19) main collected from warm broad-leaved forest and warm coniferous forest with altitudes ranging from 1,300 ~ 2,100 m. The main vegetation communities are Quercus, Betulaceae, Fabaceae, Moraceae, Theaceae, Lauraceae and Pinus. And beneath there are Poaceae, Ageratina adenophora, Artemisia. In this phytolith assemblage, Poaceae accounts for a large proportion. The main morphotypes are long point (13.8%), short point (10.7%) and smooth-elongate (12.4%), followed by rectangle (7.3%), square (7.2%), Bulliform flabellate (5.6%), and sinuate-elongate (4.9%). Spheroid echinate (small) accounts for 4.1%, “Y” type/bow type is 1.1%, and woody (elongate/block) type accounts for 2.6%.



Pollen assemblages in surface soil from the Cangyuan region

Pollens in 19 surface soil samples and one moss sample were analyzed. The identified pollens belong to 97 families and 79 genera (49 families). Most of the subtropical semihumid evergreen broad-leaved forest pollen types are included in the assemblages, which are dominated by Pinus (average content 50.5%), Alnus (10.2%), Poaceae (<37 μm; 5%), Artemisia (3.6%), Aster (4.1%), etc. Pollen assemblages of surface soil can be divided into three zones, P-I, P-II and P-III, according to a cluster analysis by Tilia (Figure 5).
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FIGURE 5
 Chart of the percentage of topsoil pollen in the research area.


P-I: Pollen assemblages represented by Betula-Pinus-Alnus have only one sampling site, CY16. The site is located in evergreen and deciduous broad-leaved forest, with an altitude of 1,839 m. The main vegetation communities are Betula and Theaceae schima. Arboreal plants dominated in the pollen assemblages, including Pinus (16.7%), Betula (21.8%), Alnus (14%), and Loranthaceae (8.4%). Shrub (Semishrub) plants are mainly Urticaceae (8.8%). The content of herbaceous plants, including Poaceae (< 37 μm; 3.6%) and Artemisia (1.2%), is relatively low. Very few ferns are found in the assemblage. The vegetation in the sampling site is mainly deciduous Betulaceae trees, and the pollen assemblage can reflect the vegetation community well.

P-II: The pollen assemblage mainly includes Pinus-Alnus-Poaceae-Artemisia. This zone has 8 surface sampling sites (with altitudes ranging from 1,050–1,950 m) and 1 moss sample (CYM10). Quercus, Fabaceae, Moraceae, Eurya japonica, etc., are dominant plants in those sampling sites, which are warm broad-leaved forest belts. Poaceae, Artemisia and other herbs grow under the forest. The pollen assemblages mainly include Pinus (40.2%), Alnus (11.9%), and deciduous Quercus (2.2%). Pollens from herbaceous plants showed obvious changes, including Poaceae (<37 μm; 7.4%), Artemisia (3.4%), Aster (5.8%), and Polygonum (3.5%). The pollen assemblages indicate a relatively high content of Pinus and Alnus, while those of modern vegetation Pinus and Alnus are less abundant, which shows that their pollen assemblage is overrepresented. However, Fabaceae and Fagaceae pollen have low representativeness. Mosses abound in CY10 and CYM10, and pollen assemblages also indicate the same situation. Surface soil sampled in CYM10 had the highest fern pollen content, followed by CY1.

P-III: The pollen assemblage is dominated by Pinus, followed by Alnus. This zone has 10 surface sampling sites (with altitudes ranging from 1,050–2,100 m). The main vegetation communities are Fagaceae, Pinus, Fabaceae, Acanthaceae, Theaceae, Alnus, etc., and under there are Poaceae and Ageratina adenophora. Arboreal plants dominate in this pollen assemblage. Compared to P-I and P-II, Pinus had a higher content (63.2%), followed by Alnus (8.1%). Herbaceous plant pollen has a relatively low content, mainly including Poaceae (<37 μm; 3%), Artemisia (4%), Aster (2.8%), and Polygonum (1.3%). Apiaceae accounted for 11.4% in CY6. The content of pteridophytes was slightly lower than that of P-II. Pollen assemblages of sampling sites containing a high content of Pinus, Alnus, and Poaceae are consistent with modern vegetation.




Discussion


Significance of topsoil phytolith and sporo-pollen assemblages for modern vegetation communities

In this study, we probe the relationship between phytolith and sporo-pollen assemblages as well as the surrounding vegetation in the subtropical semihumid broad-leaved evergreen forest of Hengduan Mountain, western Yunnan. We attempt to determine the phytolith and sporo-pollen assemblages that can indicate the subtropical semihumid broad-leaved evergreen forest in this region to provide basic information for the reconstruction of the paleovegetation.

The AP/NAP value in this area was greater than 1, indicating that this area was a forest area (tree pollen content >50%, herb pollen content <45%). The pollen and phytolith in this area were analyzed by PCA and compared with altitude. The results showed that the correlation was weak (The correlation between pollen PC1 + PC2 and altitude was R2 = 0.048, and the correlation between phytolith PC1 + PC2 and altitude was R2 = 0.05), which had little relationship with altitude. But the surface soil phytoliths have good correspondence with sampling site vegetation, indicating that phytoliths have obvious characteristics of in situ deposition. In subtropical lowland and mountainous evergreen broad-leaved forests in the study area, constructive species mainly come from Fagaceae and Fabaceae. In this study, 9 species of Fagaceae and 9 species of Fabaceae modern sample plants were mainly produced, including “Y” type/bow type, spiral-spindle, woody (elongate/block), tracheid, abbreviated stellate, polygonal plate, globular smooth, palisade mesophyll, smooth hair cell, and siliconized stomata. In the warm broad-leaved forest, warm coniferous forest with topsoil phytolith combination contain a small amount of “Y” type/bow type and spiral-spindle, but the proportion of woody plants is relatively small, and the gramineous type phytolith content has a higher percentage. In the bamboo forest area, the contents of the collapsed saddle and bamb bulliform flabellate are higher. Topsoil samples containing Palmae plants are dominated by spheroid echinate (small). This shows that a small range of actual building species can also be reflected in topsoil phytoliths. Phytolith assemblages of topsoil plants in the study area may partly reflect constructive species (e.g., Bambusoideae, Palmae), but most of the samples reflected some nonestablishment species (e.g., Poaceae overrepresented).

The surface soil spore-pollen combination can better reflect the vegetation type in the study area, and the indication of vegetation at the sampling point is slightly weaker than that of phytoliths. Surface soil pollen assemblages with a high pollen content of Pinus show overrepresented characteristics. Most of the sampling sites (CY1, CY2) were Fabaceae and Moraceae, and the pollen of these two plants accounted for a higher proportion in the pollen assemblage of topsoil. The pollen assemblage of Betulaceae (CY3, CY16, CY18) was dominated by Alnus, reaching 16% at CY16, indicating that pollen has good indication for local vegetation. However, the pollen contents of Quercus in the pollen assemblages of the samples (CY5, CY9, CY10, CY13, CY15) were generally low, with a high value (7.3%) only at CY13, indicating that the pollen of Quercus was weakly representative. The above results show that the relationship between surface soil pollen and modern vegetation presents a certain degree of correspondence, but not completely corresponding characteristics, which is related to the long flight distance and widespread of pollen. Therefore, pollen assemblages can reflect the regional (nonlocal) vegetation landscape.

The surface soil phytoliths in the study area are mainly elongate-bulliform flabellate-square/rectangle-woody (including spheroid echinate (small)). Compared with temperate, subtropical and tropical arid, semiarid phytoliths (Zhang et al., 2008; An and Lu, 2010; Bai et al., 2020), this combination has a unique representation of subtropical low latitude mountain vegetation zones. Topsoil pollen assemblages are dominated by Pinus yunnanensis-Betula-deciduous Quercus-Euphorbiaceae-Rhamnaceae and have typical subtropical low latitude mountain vegetation characteristics in southwest China.



Indicative significance of surface soil phytoliths and spore-pollen assemblages to climate and environment

Different combinations of topsoil can indicate different vegetation features, thus reflecting local climatic conditions. For example, spherical phytoliths are common in topsoil phytoliths in tropical regions (Barboni and Bremond, 2007; Dickau et al., 2009). In the subtropics of China, Gongga Mountain is dominated by a “Y” type/bow type-bilobate-cruciform-saddle combination (An and Lu, 2010). The phytolith assemblages in our study area are mainly the elongate-bulliform flabellate-square/rectangle-wood (including spheroid echinate) assemblages, and the indicator of the phytolith assemblage type is more inclined to subtropical climate. In particular, the vegetation belt dominated by spheroid echinate (small) phytoliths reflects that the vegetation combination types include Palmae plants growing in tropical and subtropical regions.

In the subtropical forests of the study area, there are many Poaceae plants and abundant phytoliths, so they have good performance in the combination of topsoil phytoliths. In general, the proportion of Poaceae phytoliths in the coniferous and broad-leaved mixed forest belt is large, and it is more likely to be overrepresented in warm coniferous forest and warm broad-leaved forest belts. In this study, the phytolith assemblages of Poaceae showed obvious regularity. With the change in altitude from high to low, the percentages of the collapsed saddle and square/rectangle type increased. The long point type showed a decreasing trend with decreasing altitude. Poaceae plants represented by bilobate, square, rectangle, and tower morphologies are mostly found in the middle of the mountain (approximately 1,300–2,000 m). For a long time, the study of Poaceae plants has been relatively mature, and the combined morphology of Poaceae plants can also indicate basic local environmental characteristics. In general, long point phytoliths are dry and cold, collapsed saddle phytoliths are wet, and bulliform flabellate phytoliths are warm (Ge, 2016). In general, the phytolith assemblages of Poaceae in this area were dominated by collapsed saddle-bulliform flabellate-square/rectangle-elongate-point assemblages, reflecting the warm and humid environmental conditions in this area. Combined with the characteristics of the woody phytolith assemblage, it can be determined that the climate is warm and humid, which is in good agreement with the local climate that belongs to the subtropical low latitude mountain monsoon climate. Therefore, the use of phytolith assemblages can better indicate the climatic conditions of the study area, thus providing a basis for paleoclimate research.

The pollen assemblage characteristics can also reflect the vegetation types in different habitats, indicating the climate environment represented by them. The main pollen types in this area are Pinus yunnanensis, deciduous Quercus, Betula, Alnus, Moraceae, Rhamnaceae and Polygonum. Pinus yunnanensis is mainly distributed in the region of 13–18°C (23°–29° N, 98°30′–105° E; Li and Liu, 1984). Deciduous Quercus is widely distributed in subtropical evergreen broad-leaved forests, with southwestern China as the distribution center (Wang et al., 1985). Betula and Alnus are distributed throughout China and have a wide range of habitats. Moraceae is most common south of the Yangtze River (Anhui Flora Cooperative Group, 1987). There are approximately 600 species of Euphorbiaceae, which are widely distributed in tropical and subtropical regions (Guan et al., 2004). The richness of genera and species in the southern region of Rhamnaceae was significantly higher than that in the northern region; that is, the spatial distribution diversity pattern was higher in the south and lower in the north (Li et al., 2021). Yunnan Province is the distribution center of richness of species and genus of Rhamnaceae in China (Huang, 2014). Polygonum is mainly distributed in the Hengduan Mountains, extending westward along the Himalayan Mountains (Zhao and Hou, 2011). In summary, pollen assemblages reflect that the region is mainly a tropical-subtropical plant community, indicating warm and humid climatic conditions.




Conclusion

After the analysis of modern plant samples and topsoil pollen and phytolith assemblages in the semihumid evergreen broad-leaved forest region of Hengduan Mountain in western Yunnan, the following conclusions are drawn: There is a good correspondence between the morphological types of phytoliths in surface soil and modern plants in subtropical low latitude mountainous areas. The surface soil phytoliths and vegetation in this area have good correspondence, and the small-scale actual constructive species can also be reflected in the surface soil phytoliths. In the samples collected from the bamboo forest area and Palmae plants, the percentages of collapsed saddle, bamb bulliform flabellate and spheroid echinate (small) were higher. The pollen samples of topsoil corresponded to the species of modern vegetation surveyed in this area, but Pinus was overrepresented, and Quercus was poorly representative. Pollen and phytolith assemblages have unique combination characteristics, with a strong low latitude subtropical monsoon climate representative.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was jointly supported by the National Natural Science Foundation of China (41991323, U1902208, 41672344), the Strategic Priority Research Program of Chinese Academy of Sciences (XDB26020301), the Second Tibetan Plateau Scientifc Expedition and Research (STEP) (2019QZKK0704), and Yunnan Leading Talent Project (202005AB160008).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1http://data.cma.cn/ (Accessed August 26, 2022).



References

 Alexandre, A., Crespin, J., Sylvestre, F., Sonzogni, C., and Hilbert, D. W. (2012). The oxygen isotopic composition of phytolith assemblages from tropical rainforest soil tops (Queensland, Australia): validation of a new paleoenvironment tool. Clim. Past 8, 307–324. doi: 10.5194/cp-8-307-2012

 An, X. H., Lu, H. Y., and Chu, G. Q. (2015). Surface soil phytoliths as vegetation and altitude indicators: a study from the southern Himalaya. Sci. Rep. 5, 1–13. doi: 10.1038/srep15523

 An, X. H., and Lu, H. Y. (2010). Altitudinal distribution of phytolith assemblages in topsoil from the east slope of Gongga Mountain, Southeastern Qinghai-Tibetan plateau and their relationship with vegetation composition. Quat. Sci. 30, 934–945. doi: 10.3969/j.issn.10017410.2010.05.11

 Anhui Flora Cooperative Group Qian, X. H., Wu, Z. M., Wu, C. R., et al. (1987). Anhui Flora. Vol. II, Angiospermae. Beijing: China Outlook Publishing House, 1–695.

 Bai, Y., Dai, L., and Yeok, F. S. (2020). Vegetation indication of phytolith has semblages of topsoil on tropical mountatins: a sample from Jerai Hill, Malaysia. Quat. Sci. 40, 1301–1311. doi: 10.11928/j.issn.10017410.2020.05.18

 Ball, T., Vrydaghs, L., Hauwe, V.d., et al. (2006). Differentiating banana phytoliths: wild and edible Musa acuminata and Musa balbisiana. J. Archaeol. Sci. 33, 1228–1236. doi: 10.1016/j.jas.2005.12.010

 Barboni, D., and Bremond, L. (2007). Comparative study of modern phytolith assembla-ges from inter-tropical Africa. Palaeogeogr. Palaeoclimatol. Palaeoecol. 246, 454–470. doi: 10.1016/j.palaeo.2006.10.012

 Chandler-Ezell, K., Pearsall, D. M., and Zeidler, J. A. (2006). Root and tuber Phytoliths and starch grains document manioc (Manihot esculenta), arrowroot (Maranta arundinacea), and Llerén (Calathea sp.) at the real alto site, Ecuador. Econ. Bot. 60, 103–120. doi: 10.1663/0013-0001(2006)60[103:RATPAS]2.0.CO;2

 Dickau, R., Bronwen, S. W., Iriarte, J., et al. (2009). Differentiation of neotropical ecosystems by modern soil phytolith assemblages steppe and pinyon juniper woodlands of the Great Basin, USA. Rev. Palaeobot. Palynol. 157, 339–357.

 Fenwick, R., Lentfer, C. J., and Weisler, M. I. (2011). Palm reading: a pilot study to discriminate phytoliths of four Arecaceae (Palmae) taxa. J. Archaeol. Sci. 38, 2190–2199. doi: 10.1016/j.jas.2011.03.016

 Ge, Y. (2016). Phytoliths in Common Modern Plants of China: Morphology and Implicaiton. Universitiy of Chinese Academy of Sciences. Doctoral Dissertation. 1–291.

 Grimm, E. C. (2004). Tilia software 2.0.2. Illinois State Museum Research and Collection Center, Springfield.

 Guan, Z. B., Zhang, L. X., and Peng, J. M. (2004). Distribution and development of Phyllanthus resources in Xishuangbanna. Trop. Agric. Sci. Technol. 27, 38–39. doi: 10.16005/j.cnki.tast.2004.03.013

 Wei, H. C., Yuan, Q., Xu, Q. H., et al. (2018). Assessing the impact of human activities on surface pollen assemblages in Qinghai Lake Basin, China. J. Quat. Sci. 33, 702–712. doi: 10.1002/jqs.3046

 Herzschuh, U., Birks, H. J. B., Mischke, S., Zhang, C., and Böhner, J. (2010). A modern pollen-climate calibration set based on lake sediments from the Tibetan Plateau and its application to a late quaternary pollen record from the Qilian Mountains. J. Biogeogr. 37, 752–766. doi: 10.1111/j.1365-2699.2009.02245.x

 Horrocks, M., Bedford, S., and Spriggs, M. (2009). A short note on banana (Musa) phytoliths in Lapita, immediately post-Lapita and modern period archaeological deposits from Vanuatu. J. Archaeol. Sci. 36, 2048–2054. doi: 10.1016/j.jas.2009.05.024

 Huan, X. J., Lu, H. Y., Wang, C., et al. (2015). Bulliform Phytolith research in wild and domesticated Rice Paddy soil in South China. PLoS One 10, 1–12. doi: 10.1371/journal.pone.0141255

 Huang, X. X. (2014). Similarity of Rhamnaceae plants in provinces of China. Henan Sci. 32, 2502–2504. doi: 10.13537/j.issn.1004-3918.2014.12.019

 Kealhofer, L, and Piperno, D R. Opal Phytoliths in Southeast Asian Flora. Washington, DC: Smithsonan Institution Press, 1998: 1–39, doi: 10.5962/bhl.title.103698

 Li, B. D., and Liu, Z. T. (1984). The distribution of forest of Pinus Yunnanensis and its areal areas. J. Yunnan Univ. 1, 41–54.

 Li, M. Y., Li, Y. C., Xu, Q. H., Pang, R. M., Ding, W., Zhang, S. R., et al. (2012). Surface pollen assemblages of human-disturbed vegetation and their relationship with vegetation and climate in Northeast China. Chin. Sci. Bull. 57, 535–547. doi: 10.1007/s11434-011-4853-9

 Li, Q., Xu, D. K., and Lu, H. Y. (2005). Morphology of phytolith in Bambusoideae (Gramineae) and its ecological significance. Quat. Sci. 25, 777–784.

 Li, R. L., Jie, D. M., Liu, Y. P., et al. (2011). Phytolith as an environmental indicator at the Hushan peat section from the northern Changbai Mountain, NE China. Acta Micropalaeontologica Sinica 28, 329–336.

 Li, Y. C., Xu, Q. H., Wang, X. L., et al. (2008). Modern pollen assemblages of the forest communities and their relationships with vegetation and climate in Northern China. Acta geographica sinica 63, 945–957. doi: 10.3321/j/issn:0375-5444.2008.09.005

 Li, Y. L., and Qiu, L. C. (2021). Studies on spatial distribution diversity of Rhamnaceae in China. Chin. Wild Plant Res. 40, 78–82. doi: 10.3969/j.issn.1006-9690.2021.02.015

 Liu, H G. (2016). Human activities and plant-animal utilization from Paleolithic to bronze age in Northwest Yunnan province. Lanzhou University, Doctoral dissertation. 1–97.

 Liu, L. D., Jie, D. M., Liu, H. Y., et al. (2020). Representativeness of soil Phytoliths for plant communities in the forest and grassland regions of Northeast China. Quat. Sci. 5, 1285–1300. doi: 10.11928/j.issn.1001-7410.2020.05.17

 Lu, F., Ma, C., Cheng, Z., et al. (2018). Variability of East Asian summer monsoon precipitation during the Holocene and possible forcing mechanisms. Clim. Dyn. 1, 1–21. doi: 10.1007/s00382-018-4175-6

 Lu, H. Y., Wang, S. Y., Shen, C. M., et al. (2004). Spatial pattern of modern Abies and Picea pollen in the Qinghai-Xizang plateau. Quat. Sci. 24, 39–49. doi: 10.3321/j.issn:1001-7410.2004.01.005

 Lu, H. Y., Wu, N. Q., Liu, K. B., et al. (2007). Phytoliths as quantitative indicators for the reconstruction of past environmental conditions in China II: palaeoenvironmental reconstruction in the loess plateau. Quat. Sci. Rev. 26, 759–772. doi: 10.1016/j.quascirev.2006.10.006

 Lu, X. M., Chen, H., and Xu, Q. H. (2006). Surface pollen and its relationship to vegetation on the southern slope of the eastern Qilian Mountains. J. Geogr. Sci. 16, 215–222. doi: 10.1007/s11442-006-0210-3

 Lu, H. Y., Zhang, J. P., Wu, N. Q., et al. (2009). Phytoliths Analysis for the Discrimination of Foxtail Millet (Setaria italica) and Common Millet (Panicum miliaceum). PLoS ONE 4, 1–15. doi: 10.1371/journal.pone.0004448

 Luo, C. X., Zheng, Z., Tarasov, P., et al. (2010). A potential of pollen-based climate reconstruction using a modern pollen-climate dataset from arid northern and western China. Rev. Palaeobot. Palynol. 160, 111–125. doi: 10.1016/j.revpalbo.2010.01.003

 Mercader, J., Bennett, T., Esselmont, C., Simpson, S., and Walde, D. (2009). Phytoliths in woody plants from the Miombo woodlands of Mozambique. Ann. Bot. 104, 91–113. doi: 10.1093/aob/mcp097 

 Piperno, D. R., Ranere, A. J., Holst, I., and Hansell, P. (2000). Starch grains reveal early root crop horticulture in the Panamanian tropical forest. Nature 407, 894–897. doi: 10.1038/35038055 

 Piperno, D. R., and Stothert, K. E. (2003). Phytolith evidence for early Holocene Cucurbita domestication in Southwest Ecuador. Science 299, 1054–1057. doi: 10.1126/science.1080365 

 Piperno, D R. Phytoliths: A Comprehensive Guide for Archaeologists and Paleoecologists. New York, AltaMira Press, 2006: 1–248.

 Premathilake, R., and Hunt, C. O. (2018). Late Pleistocene humans in Sri Lanka used plant resources: A phytolith record from Fahien rock shelter. Palaeogeography, Palaeoclimatology. Palaeoecology 505, 1–17. doi: 10.1016/j.palaeo.2018.05.015

 Qin, F. (2021). Modern pollen assemblages of the surface lake sediments from the steppe and desert zones of the Tibetan plateau. Sci. China Earth Sci. 64, 425–439. doi: 10.1007/s11430-020-9693-y

 Shen, C., Liu, K. B., Tang, L., and Overpeck, J. T. (2006). Quantitative relationships between modern pollen rain and climate in the Tibetan plateau. Rev. Palaeobot. Palynol. 140, 61–77. doi: 10.1016/j.revpalbo.2006.03.001

 Stebich, M., Rehfeld, K., Schlutz, F., et al. (2015). Holocene vegetation and climate dynamics of NE China based on the pollen record from Sihailongwan Maar Lake. Quat. Sci. Rev. 124, 275–289. doi: 10.1016/j.quascirev.2015.07.021

 Wang, L. M., Ren, X. W., and Liu, Y. Q. (1985). Geographic distribution of deciduous oaks in China. J. Beijing For. Coll. 2, 57–69.

 Wang, Y J, and Lu, H Y. Research and Application of Plant Silicate. Beijing: China Ocean Press, 1993: 1–267.

 Whitmore, J., Gajewski, K., Sawada, M., Williams, J. W., Shuman, B., Bartlein, P. J., et al. (2005). Modern pollen data from North America and Greenland for multi-scale paleoenvironmental applications. Quat. Sci. Rev. 24, 1828–1848. doi: 10.1016/j.quascirev.2005.03.005

 Xiao, X., Haberle, S. G., Shen, J., Yang, X., Han, Y., Zhang, E., et al. (2014). Latest Pleistocene and Holocene vegetation and climate history inferred from an alpine lacustrine record, northwestern Yunnan Province, southwestern China. Quat. Sci. Rev. 86, 35–48. doi: 10.1016/j.quascirev.2013.12.023

 Xu, D. K., Li, Q., and Lu, H. Y. (2005). Morphological analysis of phytoliths in Palmae and its environmental significance. Quat. Sci. 25, 123–130. doi: 10.3321/j.issn:1001-7410.2005.06.015

 Xu, Q. H., Li, Y. C., Yang, X. L., et al. (2005). Surface pollen assemblages of some major forest types in northern China. Quat. Sci. 5, 585–597. doi: 10.3321/j.issn:1001-7410.2005.05.008

 Xu, Q. H., Li, Y. C., Yang, X. L., et al. (2007). Quantitative relationship between pollen and vegetation in northern China. Sci. Sinica 4, 582–599. doi: 10.1007/s11430-007-2044-y

 Yang, X. Y., Barton, H. J., Wan, Z. W., et al. (2013). Sago-type palms were an important plant food prior to rice in southern subtropical China. PLoS One 8, 1–8. doi: 10.1371/journal.pone.0063148

 Yunnan Vegetation Compilation Group. Yunnan Vegetation. Beijing: Science Press, 1986: 753–754.

 Zhang, X., Zhen, Z., Huang, K. Y., et al. (2020). Sensitivity of altitudinal vegetation in Southwest China to changes in the Indian summer monsoon during the past 68000 years. Quat. Sci. Rev. 239, 1–16. doi: 10.1016/j.quascirev.2020.106359

 Zhang, X. R., Hu, K., Fang, S., et al. (2008). Construction and application of Phytolith climate transfer function in peat surface deposits of Northeast China. Acta Sedimentol. Sin. 26, 676–682.

 Zhang, Y. J., Duo, L., Pang, Y. Z., Felde, V. A., Birks, H. H., and Birks, H. J. B. (2018). Modern pollen assemblages and their relationships to vegetation and climate in the Lhasa Valley, Tibetan plateau, China. Quat. Int. 467, 210–221. doi: 10.1016/j.quaint.2018.01.040

 Zhao, D. P., and Hou, Y. T. (2011). The geographic distribution of the tribe Polygoneae (Polygonaceae) in China. Chin. Wild Plant Res. 30, 14–17. doi: 10.3969/j.issn.1006-9690.2011.03.004





ORIGINAL RESEARCH

published: 07 October 2022

doi: 10.3389/fpls.2022.1013480

[image: image2]


Coupled and decoupled legumes and cereals in prehistoric northern and southern China


Keyang He 1*, Xiaoshan Yu 2, Caiming Shen 3 and Houyuan Lu 1,4,5*


1 Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China, 2 State Key Laboratory of Tibetan Plateau Earth System, Resources and Environment, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, China, 3 Yunnan Key Laboratory of Plateau Geographical Processes and Environmental Changes, Faculty of Geography, Yunnan Normal University, Kunming, China, 4 Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing, China, 5 College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China




Edited by: 

Ying Guan, Institute of Vertebrate Paleontology and Paleoanthropology (CAS), Beijing, China

Reviewed by: 

Jiawu Zhou, Yunnan Academy of Agricultural Sciences, China

Yongchao Ma, Sichuan University, China

*Correspondence: 

Keyang He
 hekeyang1991@163.com 

Houyuan Lu
 houyuanlu@mail.iggcas.ac.cn

Specialty section: 
 This article was submitted to Plant Systematics and Evolution, a section of the journal Frontiers in Plant Science


Received: 07 August 2022

Accepted: 16 September 2022

Published: 07 October 2022

Citation:
He K, Yu X, Shen C and Lu H (2022) Coupled and decoupled legumes and cereals in prehistoric northern and southern China. Front. Plant Sci. 13:1013480. doi: 10.3389/fpls.2022.1013480



Legumes and cereals, which provide different nutrients, are cultivated as coupled crops in most centers of plant domestication worldwide. However, as the only legume domesticated in China, the spatio-temporal distribution of soybeans and its status in the millet- and rice-based agricultural system of the Neolithic and Bronze Ages remains elusive. Here, archaeobotanical evidence of soybeans (n=254), millet (n=462), rice (n=482), and zooarchaeological evidence of fish (n=138) were synthesized to elucidate the phenomenon of coupled or decoupled cereals and legumes in prehistoric China. During the Neolithic and Bronze Ages, soybeans was mostly confined to northern China and rarely found in southern China, serving as a companion to millet. In contrast, fish remains have been widely found in southern China, indicating a continuous reliance on fish as a staple food besides rice. Thus, an antipodal pattern of millet-soybeans and rice-fish agricultural systems may have been established in northern and southern China since the late Yangshao period (6000–5000 cal BP) respectively. These two agricultural systems were not only complementary in terms of diet, but they also exhibited positive interactions and feedback in the coculture system. Consequently, these two systems enabled the sustainable intensification of agriculture and served as the basis for the emergence of complex societies and early states in the Yellow and Yangtze Rivers.




Keywords: soybeans, fish, millet and rice, agricultural systems, late Yangshao period



Introduction

Optimal foraging theory in anthropological studies suggests that energy constraints and nutrient requirements are vital to the origin and evolution of agriculture (Smith et al., 1983) . As essential dietary sources of protein and starch, legumes and cereals are nutrient complements (Zohary et al., 2012) and thus have been cultivated as coupled crops in most centers of origin of agriculture worldwide (Figure 1) (Purugganan and Fuller, 2009; Larson et al., 2014), even if pre-domestication cultivation may occur broadly in different regions within these centers (Willcox, 2013; Arranz-Otaegui et al., 2016). Maize (Zea mays) in Mesoamerica was accompanied by the common bean (Phaseolus vulgaris) (Piperno, 2011), wheat (Triticum aestivum) and barley (Hordeum vulgare) in southwest Asia had a series of companion legumes, including lentil (Lens culinaris), pea (Pisum sativum), chickpea (Cicer arietinum), and broadbean (Vicia faba) (Zeder, 2011), and rice (Oryza sativa subsp. indica) in south Asia was associated with the mungbean (Vigna radiata) (Fuller, 2011). However, soybeans (Glycine max) seem to be merely associated with broomcorn (Panicum miliaceum) and foxtail (Setaria italica) millets in northern China, while no companion legumes to rice (Oryza sativa subsp. japonica) have been discovered in southern China.




Figure 1 | Staple cereals and companion legumes in the centers of plant domestication (Larson et al., 2014).



Despite China being generally regarded as the geographical origin of cultivated soybeans (Carter Jr. et al., 2004), the exact location of soybean domestication is still in dispute. Due to the widespread distribution of its wild relatives–wild soybeans (Glycine soja) in far eastern Russia, China, Korea, and Japan, a variety of regions have been proposed as candidate sources (Zhao and Gai, 2004) based on the genomic analysis of modern soybeans and archaeological evidence of charred soybeans (Sedivy et al., 2017), such as northeastern China, the middle and lower Yellow River in northern China (Li et al., 2008; Han et al., 2016), the Yangtze River in southern China (Guo et al., 2010), and multiple domestications in East Asia including the Yellow River valley in China, Korea, and Japan (Lee et al., 2011). Nevertheless, the dispute can largely be attributed to the lack of comprehensive research on the spatio-temporal distribution of cultivated and wild soybeans recovered in prehistoric China.

Furthermore, the role of soybeans as a staple crop and their relationship to other cereal crops has rarely been discussed. Soybeans contains approximately 40% protein (Zong et al., 2017), ranking the highest protein content among all cultivated crops, and thus may serve as an important source of protein in addition to livestock during the transition from a mobile hunter/gatherer society to a sedentary agricultural society (Zhou et al., 2011; Yuan et al., 2020). However, archaeobotanical evidence has suggested that soybeans were merely added to the cropping patterns in northern China and was known as one of the “five grains” contributing to the formation of ancient civilization in the Central Plains (Zhao, 2011; Liu et al., 2015). In contrast, fish, which consists of approximately 20% protein, was intensively exploited in the coastal or wetland environments in southern China (Yuan et al., 2008) and has been argued to co-evolve with wet rice cultivation (Nakajima et al., 2019). Thus, whether fish might have replaced soybeans as an important source of protein in prehistoric southern China still needs to be verified by archaeological evidence.

As an important source of plant protein, soybeans played a significant role in supplementing starchy foods like millet and rice in the dietary structure of ancient humans. To investigate the spatio-temporal distribution of soybeans and its status in the millet- and rice-based agricultural system in prehistoric China (He et al., 2017), we synthesized both archaeobotanical evidence of soybeans, millets, and rice across China together with zooarchaeological evidence of fish in southern China during the Neolithic and Bronze Age (Supplementary Materials) and attempted to elucidate the phenomenon of coupled or decoupled cereals and legumes in northern and southern China.



Material and methods

Most of the archaeobotanical data used here were flotation results systematically collected from a series of published research papers, reports, and dissertations. A total of 254 sites with soybeans excavated during different periods were compiled (Figure 2), including 168 sites of cultivated soybeans and 124 sites of wild soybeans. The flotation results were recounted with uniform standards that excluded pieces of crop seeds, and different parts of the crop seeds were added up. Except for sites without exact numbers published, the maximum number of cultivated soybeans and wild soybeans excavated was 1057 in the Yuanqiao site (Fuller and Zhang, 2007) and 1116 in the Jiaojia site (Wu, 2018) respectively. Data on millets and rice were obtained from (He et al., 2017), which included 462 sites of millet and 482 sites of rice.




Figure 2 | Distribution of staple cereals (millet and rice) (A) (He et al., 2017) and companion legumes (soybeans) (B) in the Neolithic and Bronze Age across China. The red, green and yellow solid circulars in (A) indicate sites of millet, rice and mixed farming, respectively. The orange solid and purple hollow circulars in (B) denote sites of cultivated and wild soybeans respectively.



The zooarchaeological data used here were obtained by a review of the relevant literature (Li and Luo, 2014; Mo, 2016; Zhu et al., 2020; Liang and Hu, 2022). A total of 138 sites with fish remains excavated during different periods were compiled (Figure 3), including 89 sites from the Yangtze River (20, 35, and 32 sites in the upper, middle, and lower reaches, respectively), 32 sites from the Pearl River, 15 sites from the Huai River, and 2 sites from Southeast China.




Figure 3 | Contrastive patterns of soybeans and fish in the Neolithic and Bronze Age across China. The orange solid and blue hollow circulars in denote sites of cultivated soybeans and fishes, respectively.



All the sites during the Neolithic and Bronze Ages were classified into five periods, i.e., Peiligang period (8000–7000 cal BP), Early Yangshao period (7000–6000 cal BP), Late Yangshao period (6000–5000 cal BP), Longshan period (5000–4000 cal BP), and Bronze Age (4000–2221 cal BP) (The Institute of Archaeology and China Academy of Social Sciences, 2010). Subsequently, the sites of soybeans, wild soybeans, and fish remains were plotted based on the five cultural periods using ArcMap 10.6.



Results and discussion


Coincidence between soybeans and millet

Based on the previous investigations on the distribution of millet, rice, and mixed farming sites (He et al., 2017), the millet agricultural system was mostly confined to northern China except for the Chengdu Plain-Yungui Plateau and Hanshui Valley in the upper and middle Yangtze River respectively (Figure 2A). Noticeably, the distribution of soybeans exhibits a striking coincidence to those of millet (Figure 2B), with the northeastern-most site is Damudantun (129°18′E, 44°15′N, ~3000 cal BP) in Ningan, Heilongjiang Province and the southwestern-most site is Shilinggang (98°52′E, 25°39′N, ~2700 cal BP) in Lushui, Yunnan Province. Thus, the soybeans may have undergone coevolution with millet considering that soybeans are able to fix atmospheric nitrogen and improve soil fertility while millet absorbs soil nitrogen (Zohary et al., 2012).



Preliminary rice–fish coculture system

In contrast to the dense distribution of soybeans in northern China, soybeans were rarely found in southern China except for a few sites in the middle Yangtze River (Figure 3), e.g., soybeans were present at the Qujialing site (n=6) and wild soybeans at the Bashidang site (n=27). Instead, fish had been exploited intensively near various water bodies like rivers, lakes, wetlands, and paddy fields in the Yangtze River region (Figure 3), such as the Zhongba (Flad, 2005) and Tianluoshan sites (Zhang, 2018) where thousands of fish remains were excavated. The major fish species exploited in the Yangtze River were from the family of Cyprinidae, including black carp (Mylopharyngodon piceus), grass carp (Ctenopharyngodon idella), and crucian carp (Carassius carassius) (Li and Luo, 2014; Mo, 2016). Besides, the fish remains retrieved from the middle Yangtze River were entirely composed of freshwater species, while those in the lower Yangtze River were supplemented by several coastal species, such as the flathead grey mullet (Mugil cephalus) (Mo, 2016).

In terms of meat acquisition strategies, fishes were clearly an important component of diets in the Yangtze River throughout the Neolithic Age, whereas they seemed to be less significant in the Yellow River (Yuan et al., 2008). A detailed analysis of predominant fish in the Tianluoshan site confirms that fishing played a significant role in the subsistence economy and mostly occurred in a rather concentrated area of the wetlands (Zhang, 2018). Specially, rice paddy was also discovered in the Tianluoshan site through the fire and flood management of coastal marsh (Zheng et al., 2009). Thus, a preliminary rice–fish coculture system may have been established during the Hemudu culture (7000–5000 cal BP) based on the positive interactions between fish and rice, where the fishes reduced the number of rice pests, and rice helped moderate the water environment for fish. This system has been practiced by farmers for over 1300 years in Qingtian from the southern Zhejiang province, China (Xie et al., 2011).

In addition to fishes, shellfishes were also regarded as an important source of protein, which was mostly confined to the coastal regions, especially the Liaodong and Shandong peninsula to the northeast and Fujian and Liangguang region to the southeast with hundreds of shell middens existed during 7000–5000 cal BP (Zhang and Hung, 2016). However, shellfishing played different roles in the subsistence of these two regions. In the Liaodong and Shandong peninsula, shellfishing may have been embedded in the agricultural system of millet and soybean. By contrast, shellfishing along with hunting and gathering was the predominant subsistence in the Fujian and Liangguang region before the introduction of rice agriculture around 5000 cal BP (Yang et al., 2018).



Antipodal patterns of soybeans and fish

Given that soybeans and fish served as an important source of protein for ancient humans in northern and southern China, antipodal patterns of a millet-soybean and rice-fish agricultural system may have formed in the Neolithic and Bronze Ages. During the Peiligang period (8000-7000 cal BP), only wild soybeans was discovered along the marginal mountains of the Loess Plateau and Inner Mongolian Plateau (Figure 4A) (Liu et al., 2009), while fishes had been exploited in the middle and lower Yangtze River and Pearl River. Subsequently, cultivated soybeans emerged in the middle and lower Yellow River during the Yangshao period (7000–5000 cal BP) (Figures 4B, C), with the earliest dates in the Dongyang (~6000 cal BP) (Zhao, 2019) and Helou (~6200 cal BP) (Zhong et al., 2021) sites. Consistent with new archeological evidence, whole-genome analysis suggests that domestication of soybeans likely occurred 6000–9000 years ago (Kim et al., 2010) in the middle and lower Yellow River (Zhang and Singh, 2020). Alternatively, fishing activity in the middle and lower Yangtze River increased greatly during this period.




Figure 4 | Diachronic evolution of soybeans and fish in the Neolithic and Bronze Age across China. The orange solid and purple hollow circulars denote sites of cultivated and wild soybeans respectively. The light-colored shades denote the core region of soybean, and the orange arrows indicate the spread routes of soybean.



During the Longshan period (5000–4000 cal BP) and Bronze Age (4000–2221 cal BP), the soybeans began to spread in four directions (Figures 4D, E): northwestward to the Ganqing region, southwestward to the Yungui Plateau, north-northeastward to the Yanbei and Liaoxi regions, and southward to the Hanshui valley. The number of soybean sites thus increased dramatically (Figure 4F). Meanwhile, the seed size of soybeans increased notably and can be divided into two size groups (Lee et al., 2011; Wu et al., 2013). However, the seed size was influenced by a variety of factors (Zhao and Yang, 2017) such as regional difference and charring shrinkages, which indicates that the later stage of domestication syndrome may have been delayed by ~2000 years (Fuller, 2007; Chen et al., 2017). In contrast, ancient humans in the middle and lower Yangzi River barely used soybeans and continued to rely on an abundant supply of fishing throughout the Neolithic into Bronze Age.

In summary, antipodal patterns of a millet-soybeans agricultural system in northern China and rice-fish agricultural system in southern China may have been established since the late Yangshao period (6000–5000 cal BP), which sustained the nutritional requirement of both starch and protein. To a certain extent, the cultivation and domestication of soybeans in the Yellow River may compensate for the possible lack of protein due to the transition from hunting wild animals to the rearing of livestock. However, the relative abundance of diverse animals and fish species in the Yangtze River may promote ancient humans to continue fishing and hunting rather than reliance on soybeans domestication (Yuan et al., 2008), and ultimately lead to the decoupled cereal and legumes in southern China.




Conclusion

In most centers of origin of agriculture in the world, legumes and cereals have been cultivated as coupled crops except for southern China. Soybeans, generally considered to be domesticated in the middle and lower Yellow River, was mostly confined to northern China and served as a companion to millets. In contrast, fish had been intensively exploited in southern China and rarely recovered from the Yellow River. Thus, since the late Yangshao period (6000–5000 cal BP), an antipodal pattern of millet-soybeans and rice-fish agricultural systems may have been established in northern and southern China, respectively. On one hand, these two systems are dietary complementation of starch and protein, providing balanced requirements of energy and nutrient; on the other hand, the systems exhibit agronomic compensation that soybeans fix atmospheric nitrogen and improves the soil fertility while millet uses soil nitrogen up, and fish reduce rice pests and rice favors fish by moderating the water environment. Positive interactions in these two systems enabled sustainable intensification in agriculture and provide the basis for the emergence of complex societies and early states in the Yellow and Yangtze Rivers.
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The site of Qujialing experienced a long, sustained process of the development of Neolithic culture in the Jianghan Plain, with a period of some1600 years. Our previous studies based on macrofossil remains and phytoliths revealed that rice (Oryza sativa) from Qujialing was already domesticated, and millet (Setaria italica and Panicum miliaceum) had also been spread into the site since the Youziling Culture period (5800-5100 BP). Nevertheless, no direct evidence has been provided regarding the daily consumed plant foods, especially plant foods obtained by gathering, throughout the site occupation. This paper thus examines pottery sherds (n=41) associated with culinary practices from Qujialing with starch grain analysis. Apart from starch grains from rice and millet, the results indicate that job’s tears (Coix lacryma-jobi), lotus roots (Nelumbo nucifera), tubers possibly from Chinese yam (Dioscorea panthainca), acorns (Quercus sp.), and beans (Vigna sp. or/and Vicia sp.) were consumed by the ancient Qujialing people, within job’s tears and lotus roots were not discovered before in the macrofossil remains and phytoliths. Combining the starch data and multiple lines of evidence from macrofossil remains and phytoliths, it is suggested that rice was among the most frequently consumed plant foods since the first occupation phase at Qujialing, while acorns could have been gradually replaced by other agricultural products (i.e., rice) and became less important food ingredients, especially when agriculture was more developed in the last occupation phase at Qujialing. These novel findings not only complement our previous research by providing the first line of evidence of paleodiet in the Jianghan Plain from the perspective of starch grain analysis but also delivers a better understanding of the characterized dietary trends and agricultural development in the research region.




Keywords: Jianghan plain, Qujialing, the late Neolithic, plant foods, starch grain analysis



Introduction

Early agriculture has been the subject of major interest for archaeologists over the past few decades, with much of the focus on the origins and spread of different agricultural products worldwide (Ammerman and Cavalli-Sforza, 1971; Bellwood, 2005; Fuller, 2011; Yang et al., 2016a; Luo et al., 2019b). China was one of the world’s oldest centres of independent agricultural development. The most thoroughly studied early agricultural societies in China are located along the Yangtze and Yellow River Valleys, which provide some of the earliest compelling evidence for rice (Oryza sativa) and millet (Setaria italica and Panicum miliaceum) cultivation accordingly (Jiang and Liu, 2006; Liu et al., 2007a; Liu et al., 2007b; Yang et al., 2012; Wu et al., 2014). The gradual transition from foraging to agriculture during the Neolithic period, also known as the “agricultural revolution”, forever changed how humans live, eat, and interact in southern and northern China. Since then, the human population was able to grow exponentially because crops and animals could be farmed to meet demand. This revolution also stimulated significant developments in social organization and technology, paving the way for the Chinese civilization process.

The research region in this paper, namely the Jianghan Plain situated in the middle catchment of the Yangtze River basin, is also a pivotal zone for studying rice domestication and the formation of mixed farming of rice and millet in early China. The Jianghan Plain is an alluvial plain, which was named for the confluence of the Yangtze and Han Rivers. It was once a large wetland but was gradually colonized by early farmers in the Neolithic period (Zhang, 2013). The Jianghan Plaine takes up most of central and southern Hubei Province in Central China, an area with a humid subtropical climate and four distinct seasons. The Neolithic Cultures that appeared in this region also played important roles in the origin and development of Chinese civilization (Fei, 2017). In the past 15 years, extensive work based on macrofossil remains and phytoliths has been carried out in the Jianghan Plain, especially at the archaeological sites attributing to the Youziling Culture period (5800-5100 BP), Qujialing Culture period (5100-4500 BP) and Shijiahe Culture period (4500-4200 BP) (Wu et al., 2010; Deng et al., 2013; Tang et al., 2014; Tang et al., 2017; Luo et al., 2019a; Yao et al., 2019; Yang et al., 2020). The yielded data consistently indicates that millet had already spread into the Jianghan Plain from northern China since the Youziling Culture period, but rice was still the most prominent crop. These accumulating archaeobotanical studies have provided vast information regarding prehistoric plant resources in the Jianghan Plain. However, previous research focused either on macrofossil remains or phytoliths, could not provide direct evidence regarding what was the daily consumed plant foods in the prehistoric farming communities. In addition, it should be noted that most phytolith research only analyzed the utilization of rice and millet, partially because many types of phytoliths have indistinct morphological differences from other types (Lu et al., 2009; Neumann et al., 2019). Moreover, considering the different taphonomy pathways of various plants, biases in macrofossil records were reported (Locatelli, 2014). For instance, underground storage organs (USOs) could have been consumed completely thus leaving few fossil remains, while husks of cereals, seeds of fruits, and shells of acorns might be preserved even after processing or consumption. It is also worth mentioning that, human skeletons and teeth were poorly preserved at the Neolithic sites in the research region for isotope or residue analysis to reconstruct the ancient diets at Qujialing. Under such circumstances, studies using another different analytical method (e.g., starch grain analysis) in the research region thus are imperative to provide more insights into the paleo diet in the Jianghan Plain.

Qujialing (112°54’33.54’’E; 30°50’01.93’’N) is located in the east of the lower catchment of the Han River in Jingmen city, where is about 130 kilometers from Wuhan, the capital city of Hubei Province (Figure 1). The site has been recognized as one of the most representative settlement sites encircled by rivers in the Jianghan Plain, covers an area of 2.84 square kilometers (Tao et al., 2019). Qujialing was first discovered in 1954 and underwent its first excavation in 1955, which is also known as the first systematic excavation in the whole Hubei Province in China. In 1956, the second excavation at Qujialing brought striking examples of painted pottery vessels to light. Because of that, the Chinese archaeologists soon realized the importance of the site and named the Neolithic “Qujialing Culture” after the site of Qujialing. The finding of the Qujialing Culture, for the first time, unveiled the prehistoric culture with distinctive characteristics in the middle Yangtze River Basin. Since 1989, Qujialing went through another two excavation seasons (Tao et al., 2019; Wang et al., 2021), revealing the site had experienced an even longer and sustained process of development, from the Neolithic Youziling Culture period (Phase I) to the Qujialing Culture period (Phase II), and then to the Shijiahe Culture period (Phase III), with a period of approximately 1600 years (Figure 2). In addition, excavations at the site also discovered objects from the Eastern Zhou Dynasty (770-256 BP). In 2021, the site of Qujialing was nominated as one of the “Hundred Years of Archaeological Discoveries” in China, mostly because it witnessed the glorious stage of prehistoric cultural development in the middle catchment of the Yangtze River and its critical significance in tracing the origin and development of early Chinese civilization.




Figure 1 | Locations of Qujialing and nearby sites in the middle catchment of Yangtze River.






Figure 2 | Carbon-14 dates and dendrochronologically corrected dates of charred macrofossil samples excavated at Qujialing (After Yao et al., 2019).



Our research team has been closely involved in the latest excavation at the site of Qujialing since the beginning, allowing us to conduct a more holistic archaeobotanical study at the site. In two of our previously published papers, macrofossil remains retrieved from flotation and phytolith remains discovered in the sedimentary soil samples from Qujialing have been studied (Yao et al., 2019; Yang et al., 2020), revealing rice, millet, and other types of plant species were available at the site (see more in the discussion section). Based on these findings, this paper further analyses pottery vessels that were associated with storing, cooking, and serving foods, using starch grain analysis. Although the different analytic method applied here has not been adopted for studying pottery vessels in the Jianghan Plain, it has been widely applied to objects that may have been in contact with starch-rich plants, such as lithic grinding tools, teeth (dental calculus), and pottery from elsewhere (e.g., Piperno et al., 2004; Lu et al., 2005; Buckley et al., 2014; Yang et al., 2016b; Li et al., 2020b; Liu et al., 2020). By recovering the preserved starch grains from ancient artefacts, this method can often identify the preserved starch remains to a genus taxonomic level and sometimes even species or subspecies level (Yang and Perry, 2013; Liu et al., 2014). The results, on one hand, will complement previous research based on macrofossil remains and phytoliths, providing more insights into the past exploitation of plants. On the other hand, the data will also answer what types of plant foods the ancient Qujialing people cooked and consumed throughout their occupation, thus enriching the discussion on how the paleo diet may have been shaped by the development of rice agriculture and the arrival of millet during the prehistoric period.



Material and methods

This paper studies 41 pottery sherds recovered from the latest excavation at the site of Qujialing between 2015 and 2017 (Table 1; Figure 3). Pottery sherds were selected based on three criteria. First, the typologies of the selected pottery fragments can still be identified according to their morphological features. Among the sampled pottery assemblage, six of which originally came from storing vessels (i.e., jars), eight sherds from cooking vessels (i.e., caldron, steamer, and tripod), and 27 from serving vessels (i.e., bowls). Secondly, we selected pottery sherd from different periods, namely from the Youziling, Qujialing, and Shijiahe Culture periods. The selection of samples retrieved from different occupation phases, including 10 potsherds from Phase I, 19 from Phase II, and 12 from Phase III (Table 1), allows an investigation of the potential chronological diet change at the Qujialing. Thirdly, pottery vessels from different contexts (e.g., from ash pits or stratigraphic layers, Table 1) were selected.




Figure 3 | Examples of the analyzed pottery samples from the site of Qujialing (A-F are pottery sherds dated to the Youziling Culture period; G-L are pottery sherds dated to the Qujialing Culture period; m-r are pottery sherds dated to the Shijiahe Culture period; scale bar: 10cm A: 2016HQQTN11W30④: S26, B: 2016HQQTN10W30④: S15, C: 2016HQQTN10W30④: S12, D: 2016HQQTN11W30④: S27, E: 2016HQQTN10W30④: S10, F: 2016HQQTN10W30④: S9); G-L are pottery sherds dated to the Qujialing Culture period (G: 2017HQQTN49W03::S32-34, H: 2017HQQTN49W03::S94, I: 2016HQQTN10W30::S4, J: 2016HQQ ash pit, 2⑤:S155, K: 2016HQQ ash pit, 2⑤:S144, L: 2016HQQTN13W30::S40); M-R are pottery sherds dated to the Shijiahe Culture period) (M: 2016HQQTG8:: S75, N: 2016HQQTG8:: S76, O: 2016HQQTN25W41:S66, P: 2016HQQTN25W41:S63, Q: 2016HQQTN25W41:S62, R: 2016HQQTN09W39H29).




Table 1 | Information of the studies pottery samples and the identified starch grains on the analyzed pottery sherds in the present study.



The chosen pottery sherds were sealed in separate Ziplock bags in the field laboratory and then transported to the Archaeobotany Laboratory at the University of Science and Technology of China (USTC) for further analysis. First of all, each of the pottery sherds was briefly rinsed with a wash bottle with ultra-purified water. Then, liquid samples from the internal surfaces of the pottery sherds were collected using an ultrasonic toothbrush. These liquid samples were gathered in test tubes for subsequent extraction. The liquid samples were treated with 10% HCl and 5% (NaPO3)6 to deflocculate clay minerals and other minor components, and then centrifuged in the presence of heavy liquid (CsCl with a density of 1.9 g/cm3) before being mounted on glass slides in a solution of 50% glycerine and 50% distilled water.

During the sampling process, extreme care was taken to avoid contamination at all stages, including the use of disposable powder-free gloves and disposable pipette suction heads. Additionally, we evaluated three control samples, including one soil sample taken from the archaeological site, one soil sample attached to the external surfaces of the pottery sherds, and the water used in the laboratory at USTC. The processes for processing the control samples were the same as the liquid samples taken from the internal surfaces of the pottery sherds.

The starch grains were examined with a Leica DM 4500P automated light microscope. Each slide was scanned in horizontal transects using a magnification of 400× under cross-polarized light. When starch grains were recognized by their extinction crosses, they were then further examined under the lens of 630×, with both brightfield and cross-polarized light. Two digital photographs (one under brightfield and one cross-polarized) were taken of each grain using a Spot Flex Mono 15.0 digital camera and Zeiss Axiovision software. The size of the starch grains was measured using AxioVision Rel. 4.7 software.

The identifications of starch grains were based on modern starch references at the Archaeobotany Laboratory of USTC (e.g., Figure 4). We also referred to other published starch identification information, especially archaeological studies conducted in China, experimental work, and those focus on identifying modern starch samples (Henry et al., 2009; Wan et al., 2011; Wan et al., 2012; Liu et al., 2014; Yao et al., 2016).




Figure 4 | Examples of starch grain morphology from the modern reference (scale bar: 20 μm): (AA’) foxtail millet (Setaria italica); (BB’) broomcorn millet (Panicum miliaceum); (C, D’) rice (Oryza sativa); (EE’) job’s tears (Coix lacryma-jobi); (FF’) acorn (Quercus acutissima); (GG’) snake gourd (Trichosanthes kirilowii); (HH’) Chinese yam (Dioscorea polystachya); (II’) bean (Vigna adenantha); (JJ’) lotus root (Nelumbo nucifera).





Results

A total of 1521 starch grains were extracted from 41 pottery samples from the Qujialing site (Table 1). No starch grains were detected in control samples taken from the laboratory, the site, and soil attached to the surfaces of the pottery sherds (Table 1), suggesting the most likely cause for entrapping the discovered starch grains was through intense or prolonged use of the pottery vessels as food-related implements in the past. Based on their sizes and morphologies, these starch grains were classified into seven distinct groups, including rice, millets (Setaria italica or/and Panicum miliaceum), job’s tears (Coix lacryma-jobi), acorns (Quercus sp.), beans (Fabaceae), lotus root (Nelumbo nucifera), and other types of underground storage organs (USO) possibly from Chinese yam (Dioscorea panthainca).


Type I, rice

Starch grains from type I (n = 256) are polyhedral or round polyhedral in shape with the centric hilum closed, and they are common for the multigrain aggregation form (Figures 5A-C’). Each starch grain from Type I exhibited an extinction cross under polarized light, without visible fissures or lamellae. The extinction cross is shaped like an “X”, and the range of the individual particle sizes is 5.738–9.13 µm. Both the morphological characteristics, the particle size range, and the special compound starch grain structure coincide with starch grains from rice.




Figure 5 | Starch grains retrieved from Qujialing Pottery samples under DIC and polarized filters (scale bar: 20 μm): (A-C’) rice (Oryza sativa) (D-F’) millet (Setaria italica or/and Panicum miliaceum); (G-I’) job’s tears (Coix lacryma-jobi); (J-L’) acorn (Quercus sp.); (M-O’) lotus root (Nelumbo nucifera); (P-S’) starch grains from underground storage organs; (T-U’) bean (Vigna sp. or/and Vicia sp.).





Type II, millet

Starch grains of this type (n = 281) (Figures 5D-F’) are comparable with the subfamily Panicoideae in the Poaceae grass family. They have a polyhedral shape with angular or round edges, the hilum is centric, and fissures are fairly common, appearing as stars with a radiating. The extinction cross is generally “+” in shape, and very few of the crosses show a twisted pattern at the end of the arm. Lamellae are always invisible. The size range is 6.38–23.23 µm. They are similar in morphology to foxtail millet (11.21–16.75 μm) and broomcorn millet (5.92–13 µm) in our reference collection. Meanwhile, it has been noticed that starch grains from foxtail millet and broomcorn millet cannot be fully separated because of their similar morphological features (Yang et al., 2005; Yang et al., 2010; Liu et al., 2014). On the other hand, based on the morphological features of phytolith, it is possible to identify millet to a species level (Weisskopf and Lee, 2016). At the site of Qujialing, phytolith analysis has provided firm evidence that broomcorn millet and foxtail millet both existed (Yang et al, 2020), thus complementing our findings and interpretations.



Type III, job’s tears

Starch grains of type III (n = 577) are polyhedral or oval-spherical in shape, exhibit Y-, V-, or linear-shaped fissures, centric or/and eccentric hilum, invisible lamellae, and have extinction crosses with straight or Zig-Zag arms (Figures 5G-I’). Starch grains from Type III are characterized by “Z” shaped arms on the extinction cross, a unique feature of job’s tears (Liu et al., 2014). The size range of type III grains is 6.87–26.780 µm, falling in the range of modern starch grains of job’s tears.



Type IV, acorns

Starch grains of type VI (n = 47) are triangle ovate or water-drop shaped, with a centric hilum with an “×” shaped slightly bent extinction cross that appears under polarized light (Figures 5J-L’). Fissures and lamellae are not visible. The size range is 9.74–24.93 µm. These starch grains resemble the starch grains from seeds of Quercus in the Fagaceae family, according to our previously documented work (Figure 4).



Type V, lotus roots

Starch grains of type V (n = 134) are relatively large, showing subspherical or elongated oval shapes (Figures 5M-O’). The hilum is extremely eccentric and fissured with well-defined lamellae. The long axis length size range is 14.09–67.81 μm. There are wrinkles on the surface of the large grains, which is a particular characteristic of starch grains from lotus roots (Figure 4).



Type VI, other USOs

starch grains of type III (n = 217) are round quadrilateral or elongated oval in shape, with extremely eccentric hila, visible lamellae in most cases, and extinction crosses with bent arms (Figures 5P-S’). The size range is 17.43-23.08 µm. Some of these particles show strong similarities in morphology and size with Chinese yam (Dioscorea polystachya). However, some starch grains from Type VI do not fully match the existing modern plant starch references, so we cannot exclude the possibility that they may come from other plant species.



Type VII beans

Starch grains of type VII (n = 9) are elliptical or nearly kidney-shaped starch grains that have radiating fissures with clear-cut lamellae (Figures 5T-U’). Under polarized light, the extinction cross of starch grains from type VII resembles two tangent curves. The size range is 15.84–45.23 µm. According to our modern starch grain database (e.g., Figure 4), it is very difficult to separate starches from different beans according to their morphological features. Although it has been proved that the compositional and physiochemical properties of starches from different beans vary (Zhang et al., 2018), the results can hardly be applied to archaeological research because the identifications of archaeological starch grains are largely based on their morphological features under light microscopy. Thus, we avoid over-interpret type VII starches to a precise taxonomy level, as they may include Vigna sp. or/and Vicia sp.




Discussion


New insights into the edible plant foods at Qujialing

Based on our previous floatation work at Qujialing, macrofossil remains from rice (Figure 6E), foxtail millet (Figure 6F), soybean (Glycine max), other types of beans (Leguminosae), acorns (Quercus sp.), jujube (Ziziphus sp.), persimmon (Diospyros sp.), plum (Armeniaca mume Sieb.), water chestnut (Trapa sp.), and Gorgon fruit (Euryale ferox Salisb.) were found (Yao et al., 2019). In addition, phytoliths from rice (Figure 6A and 4B), foxtail millet (Figure 6C) and broomcorn millet (Figure 6D) were identified in the soil samples taken at Qujialing (Yang et al., 2020). These findings reveal great available plant food resources at Qujialing, including not only crops such as rice and millet, but also beans, nuts, and various fruits.




Figure 6 | Phytoliths and macrofossil remains from rice and millet at the site of Qujialing (After Yao et al., 2019; Yang et al., 2020). A, B: cuneiform bulliform phytoliths from rice; C: Ω-undulated type, endings structures of epidermal long cell from foxtail millet; D: η-undulated type, endings structures of epidermal long cell from broomcorn millet (scale bar for figure 6a-d: 20 mm); E: macrofossil remains from rice during the Youziling Culture period; F (i) macrofossil remains from foxtail millet during the Youziling Culture period; F (ii) macrofossil remains from foxtail millet during the Qujialing Culture period; F (iii) macrofossil remains from foxtail millet during the Shijiahe Culture period.



Apart from fruits, the majority of the above-mentioned starchy foods have been discovered on the pottery vessels from Qujialing in this study, suggesting the ancient Qujialing people took advantage of their local plant recourses. Notably, job’s tears and lotus roots were not discovered in the previous archaeobotanical work at Qujialing. These new findings in the current study thus complement the previous archaeobotanical work, providing direct evidence that job’s tears and USOs were among the plant foods that were consumed by the ancient Qujialing people (Figure 7).




Figure 7 | Ubiquities of different types of starch grains on Qujialing pottery vessels attributing to the different occupation phases.



Following the criteria that have been established for the identification job’s tears and other related plant species (Liu et al., 2014), the study presents here successfully identified the starch grain from job’s tears. Job’s tears have a wide geographic distribution in China and are generally used for foods and traditional Chinese medicine. On the Qujialing pottery vessels, the ubiquity of job’s tears appeared more frequently than in rice and millet (Figure 7). Nevertheless, neither of the macrofossil or phytolith from job’s tears have been discovered in our previous studies at the site of Qujialing. In a previous study, a discrepancy between the findings regarding macrofossil and microfossil of job’s tears at Chinese prehistoric sites has been noticed (Liu et al., 2019). So far, macrofossil remains from job’s tears have only been reported at three Neolithic sites along the Yangtze River, namely the sites of Baodun (Guedes et al., 2013), Chengtoushang (Liu, 2007), and Hemudu (Zhejiang Institute of Archaeology, 2003) in the upper, middle, and lower catchment of Yangtze River respectively. In contrast, starch grains from job’s tears have been discovered on pottery vessels or grinding tools unearthed from over 30 sites across China (see the summary by Liu et al, 2019). Thus, Liu and colleagues (2019) have investigated this issue with a multidisciplinary approach and described the possible pathways of job’s tears, from its cultivation, and processing, to the later stages of post-depositional processes. Because the edible part of job’s tears (i.e., caryopsis) is covered with thick utricles, so the caryopsis very likely ended up in small pieces after hulling. Thus, it has been proposed the fragments of caryopsis and utricles from the processed job’s tears were more difficulted to be discovered and identified. In terms of phytoliths from job’s tears, which show a great variety of types, were difficult to be identified, until the recently published methodology (Duncan et al., 2019).

In addition, starch grains from lotus roots have been identified on the pottery vessels, which had not been discovered at Qujialing according to evidence from phytolith or macrofossil remains (Yao et al., 2019; Yang et al., 2020). Lotus root is rich in starch, protein and other nutrients. Since the early Neolithic period, lotus roots were utilized by the Chinese ancestors, especially at the sites that were located near perennial water sources (Zhao and Zhang, 2009; Yao et al., 2016). Previous archaeological exploration at Qujialing revealed that two rivers, namely the Qingmudang River and the QingPu River, run alongside the site (Tao et al., 2019). Such an environment was ideal for lotus roots to grow, providing an important supplementary food source for the ancient Qujialing people. In the research region today, lotus roots are always on the menu at the local restaurants. The old saying “no soup, no banquet” in the Hubei Province describes how much Hubei natives love their soup, a special dish cooked with pork rib and lotus root. This specific dietary habit of the local people could have been inherited from their ancestors, considering the prolonged exploitation and consumption of lotus root at Qujialing and other sites along the catchment of the Yangtze River (Yao et al., 2016).

It also worth noting that charred remains from soybeans (Glycine max) dated to the Eastern Zhou Dynasty (770-256BC) were identified at Qujialing (Yao et al, 2019), while starch grains from beans were discovered on pottery vessels attributed to the Phase II and Phase III at the site. The starch data thus extends the record of consumption of beans at the site of Qujialing by around 2000 years. Although legumes play an important role in Chinese food and agriculture nowadays, macrobotanical remains from legumes have not been reported in the previous floatation work conducted at the Neolithic sites in the Hubei Province (e.g., Deng et al, 2013; Tang et al, 2014; Tang et al, 2017). The quantity and ubiquity value of legumes are both low at the site of Qujialing (Figure 7). These results imply that legumes probably were not regularly used in the Neolithic Hubei Province.



Neolithic dietary choices towards rice and millet

The results from starch grain analysis on pottery vessels suggest that both rice and millet were consumed at the site of Qujialing, consolidating our previous work based on macrofossil remains and phytoliths. Based on the data from the floatation work, the total identified number of macrofossil rice remains from the prehistoric period at Qujialing are highest (n=528) among other types of cereals (Yao et al., 2019). During the first two occupation phases at Qujialing, the identified rice macrofossil remains account for the largest percentage among other species (82.94% and 82.26% accordingly), then dropped to 45.10% during Phase III. The ubiquity of rice macrofossil remains also went down from 82.61% in the Youziling Culture period, to 69.40% and 63.63% in the latter two occupation stages. Furthermore, the results from phytolith analysis echo the findings based on macrofossil remains, revealing that the number of phytoliths from rice decreased slightly from 11.9% in Phase I to 10.57% in Phase II, and then to 7.58% in the last occupation phase at Qujialing (Yang et al., 2020). The starch data also reveals the ubiquity of starch grains from rice was also the lowest in the Shijiahe Culture period (Figure 7), which is consistent with the findings based on macrofossil remains and phytoliths.

In terms of millet, the earliest remains of this plant have been recovered on pottery sherds at grinding tools at the sites of Nanzhuangtou (ca. 9.500-9.000 BC) and Donghulin (ca. 9000-7500 BC) in the upper Yellow River valley, as attested by starch grain analysis (Liu et al., 2010b; Yang et al., 2012). Then, millet farming had spread southwards and reached the catchment of Han River and Liyang Plain by 6000 years ago (Nasu et al., 2007; Fu et al., 2010; Deng et al., 2015; Weisskopf et al., 2015), corresponding to the Phase I at Qujialing.

The yielded starch data shows that millet had been consumed since the Youziling Culture period and its ubiquity was even close to rice starches on the pottery vessels, although never exceeded (Figure 7). Differently, according to the previous archaeobotanical work at Qujialing, millet less likely surpassed rice and became the predominate type of crops at Qujialing (Yao et al., 2019). The ubiquity of macrofossil remains from foxtail millet increased from 6.52% in the Youziling Culture period to 27.80% and 18.18% in the latter two occupation phases at Qujialing. Moreover, much fewer macrofossil remains from foxtail millet (n=27) and broomcorn millet (n=0) were discovered during our previous floatation, in contrast to a large amount of macrofossil remains from rice (n=528). Similarly, only a few (n ≤ 6) phytoliths from foxtail millet and broomcorn millet were discovered in soil samples taken from the site of Qujialing, while hundreds of phytoliths from rice were identified (Yang et al., 2020). The results yielded from macrofossil remains and phytoliths thus seem to contradict the result from starch grain analysis. Nevertheless, it should be noted that starch grains from rice are small (normally less than 10 µm) and difficult to be discovered and identified in the archaeological samples (Liu et al., 2010c; Yang et al., 2015; Li et al., 2020a), which could have led to a biased interpretation of starch data.

Bearing this factor in mind and taking into account the previous archaeobotanical data, we suggest that the ancient Qujialing people possibly consumed more rice than millet. Later, even when wheat (Triticum aestivum) had also been introduced into this region since at least the Warring States Period (Yao et al., 2019), rice remains the main type of staple food in the Jianghan Plain today. The dietary tendency to rice could be related to the local dietary habits, considering the middle catchment of Yangtze River had a long history of rice cultivation. In the middle catchment of Yangtze River, previous phytolith studies at the palaeolithic site of Diaotonghuan indicated that wild rice grew there and was exploited by local people after 12, 000 BP (Zhao, 1998). In the later Pengtoushan Culture (7500-6100 BC), thousands of macrofossils from rice were found. The size of the Pengtoushan rice was larger than the local distributed wild rice (Crawford and Shen, 1998; Wang et al., 2010), providing more solid evidence for rice domestication in this area. Afterwards, although millet appeared at Qujialing and other nearby contemporary sites, rice remains were always more common (Luo et al., 2019a).



Dietary trends at Qujialing

According to the further analysis of the yielded starch data (Figure 7), the ubiquity of starch grains from agricultural products (i.e., rice and millet), job’s tears, and lotus root are high (over 50%) and relatively the same in different occupation phases at Qujialing. Differently, starch grains from the unknown USOs and acorns changed more dramatically from Phase I to Phase III. In Phase I and Phase II, the ubiquity of the unknown type of USOs were above 50% but decreased to around 16% in Phase III (Figure 7). Similarly, in Phase I and Phase II, the ubiquities of acorns are 10% and 10.53% respectively. In Phase III, starch grains from acorns are no longer present on the pottery vessels. The macrobotanical remains from acorns also account for a small percentage, with low total quantity (n=11) and ubiquity (less than 10% in each phase) (Yao et al., 2019).

Palynological analysis of both sedimentary profile and cultural layers at the site of Qujialing indicates that acorns (Quercus Deciduous and Quercus Evergreen) distributed in the area 5400-4200BP (Li et al., 2009), and the earliest exploitation of acorns dates back to the upper Palaeolithic period in China (Yang et al., 2009; Liu et al., 2011). Afterwards, macro- and micro-remains from acorns were continuously found at numerous early and middle Neolithic sites in southern and northern China (Liu et al., 2010a; Liu et al., 2015; Liu, 2015; Yao et al., 2016), indicating acorns were important sources of plant foods during that time. Because acorns were more likely procured through gathering rather than cultivation, archaeological findings of extensive acorn leftovers on grinding tools and pottery vessels were only used as indicators for a broad-spectrum subsistence economy (Liu et al., 2010a). With the overview of the previous archaeobotanical work in China, it has been proposed that agriculture has already become the main subsistence strategy in the middle catchment of Yangtze River since the period from 6300 to 5300 BP (Zhao, 2009), corresponding to the research period in the current study. Therefore, the more developed agriculture at Qujialing, especially in Phase III, could have contributed to the gradual replacement of acorns with other agricultural products (i.e., rice and millet) and let acorns become less important in Qujialing people’s diet. This proposition could also explain the decrease in the ubiquities of the unknown type of USOs found in this study.

Previous archaeological studies focus on dietary trends and choices often illuminate ancient interactions between society and nature and reflect diverse cultural traditions in different communities (Dong et al., 2021). The dietary trends at Qujialing, characterized by less consumption of non-agricultural crops (i.e., acorns), were very likely resulted from the development of agriculture in the research region.




Conclusion

The identifications of starch grains discovered on potsherds attributing to different occupation phases at Qujialing, for the first time, provide valuable information regarding prehistoric consumed plant foods in the Jianghan Plain in the middle catchment of Yangtze River. Apart from rice and millet that were previously identified based on macrofossil and phytolith analysis, starch grains from other species including job’s tears, beans, acorns, lotus roots, and other tubers (perhaps Chinese yams) were detected on the Qujialing pottery vessels. The starch data thus consolidates the previous archaeobotanical work based on macrofossil and phytolith analysis at Qujialing, and put more new insights into the plant foods that had been consumed by the local people during the Neolithic period. Further quantitative analysis of the yielded data from different analytic methods, namely starch grain, phytolith, and macrofossil analysis, indicate that although millet had spread into the Jianghan plain since the earliest occupation period at Qujialing, rice had always been the predominate cultivated crop and probably more frequently consumed. Specific dietary choices and trends were also detected at Qujialing, including persistent exploitation of lotus roots throughout the site occupation and the abandonment of acorns in Phase III, which may be related to the local environment that was surrounded by water and developed agriculture accordingly. Yet, apart from the present research, starch grain analysis has rarely been applied to investigate the uses of Neolithic pottery vessels in the Jianghan Plain, more future work thus is still needed to deliver a more comprehensive understanding of the past human diet in the whole research region.
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Acorn remains are reported from prehistoric sites across the world. Acorn is argued to have been an important food resource for human beings in prehistory. However, relevant research is still limited and it is often difficult to recognize archaeological remains relating to acorn utilization. The Chaîne Opératoire of acorn utilization is yet to be addressed. Such is of great significance to the study of human subsistence strategy in pre-agricultural period and moreover the origin of agriculture. By conducting a case study of ‘mook making’ using acorns in Yongdong-gun, Chungcheongbuk-do, South Korea, the current paper explores the Chaîne Opératoire of acorn utilization in prehistory using an ethnological approach. We draw attention to the laborious nature of acorn processing and to different methods of acorn processing due to different species and culinary tradition. Our case study also brings new insights into archaeological interpretations of acorn remains from prehistoric sites.
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Introduction

The term acorn refers to the fruit of genera Quercus, Cyclobalanopsis, Castanopsis and Lithocarpus of the family Fagaceae. Acorns are often described as being rich in starch and used as food or fodder (Hu et al., 2000). They are generally round or oblong in shape, and contain a kernel wrapped in a tough and smooth leathery shell with a cup-shaped cupule. The identification of acorn species is sometimes discussed by archaeobotanists (e.g. Yang, 1979; Zhao and Zhang, 2009; Fuller et al., 2011) while in more cases, archaeological excavation reports tend to use the term of acorn without differentiation (e.g. Wang et al., 2001; Sun et al., 2007; Li et al., 2020). Acorns have a long history of human utilization in many parts of the world, with archaeological evidence traced back to more than 700,000 years ago (Mason, 1992; Melamed et al., 2016). Particularly in East Asia, the widespread findings of acorn remains, especially large quantities from sites such as Kuahuqiao and Tianluoshan in Southeast China, Bibong-ri in South Korea, Sobata and Saka-no-shita in Japan, suggest that acorns might once have played a very important part in the diet of human beings (Saga Prefecture Education Committee, 1977; Takahashi and Hosoya, 2002; ZPICRA, 2004; Sun et al., 2007; Lee, 2008; Fuller et al., 2011). The significance of acorn utilization as a subsistence strategy in pre-agricultural period is often discussed, which is considered to be related to the origin of agriculture (McCorriston, 1994; Barlow and Heck, 2002; Fuller and Qin, 2010). Recognizing the remains and residues concerning acorn processing from archaeological sites accordingly becomes crucial. This paper assesses the Chaîne Opératoire (or operational chain) of acorn utilization in modern East Asia so as to provide new insight for research on acorn findings.

Previous studies are largely focused on each individual procedure of acorn use, such as acorn collection (Qin et al., 2010), acorn storage (Im and Lee, 2010) and culinary tradition (Liu et al., 2010a; Zhang, 2011; Stevens and McElreath, 2015; Yao et al., 2016). There have been a number of studies addressing the Chaîne Opératoire of acorn processing (e.g. Rosenberg, 2008; Hosoya, 2011; Ahn, 2012; Primavera and Fiorentino, 2013; Chen and Chen, 2019; Wang and Jiang, 2022). Based on existing literature and first or second-hand ethnographic sources, these studies explicit the operational chain of acorn processing in various context. Some scholars further relate the ethnographic information to interpretation of acorn remains in archaeological sites (Rosenberg, 2008; Hosoya, 2011; Primavera and Fiorentino, 2013; Chen and Chen, 2019; Wang and Jiang, 2022). Nevertheless, existing studies call for more detailed observation of the acorn use operational chain.

In light of this, this paper attempts to explore the Chaîne Opératoire of acorn utilization using an ethnological approach. Acorn mook, a type of jelly made from acorn, is consumed in both South Korea and China (cazhi doufu or xiangzi doufu in Chinese). The recipe of mook, not necessarily made of acorn but mung bean, buckwheat, etc., already appeared in the 18th century literature (Cha et al., 2008). The processing method of acorn mook in particular is recorded in Korean historical document Chosun Yori-Jebup which was dated a hundred years old (Bang, 1917), and is similar to what is still practiced today. Therefore, we take the culinary tradition of ‘acorn mook making’ in Yongdong-gun, Chungcheongbuk-do, South Korea as a case study, to explicate the operational chain of acorn use and to discuss about associated potential archaeological and archaeobotanical evidences in prehistoric sites.



Case study of acorn mook production in modern South Korea

In October 2021, we visited a local lady (hereafter Mrs W) based in Chungcheongbuk-do, South Korea and recorded the whole process of ‘acorn mook making’ (Figure 1).




Figure 1 | Ethnological study of ‘mook-making’ process in Chungcheongbuk-do, South Korea. (A) Collected acorns. (B) Grinding acorns using the modern crushing machines. B1. First grinding. B2. Acorn powder after the first grinding. B3. Second grinding. B4. Acorn powder after the second grinding. (C) Rinsing and filtering the ground acorn powder repetitively. (D) Starch-shell separation to extract acorn starch. D1-D3. Kneading constantly. D4. Liquid after the first filtering. D5. Pouring liquid into another bag for a second filtering. D6. Liquid after the second filter. (E) Boiling the acorn starch. E1. Acorn starch before boiling. E2. Acorn starch after boiling. (F) Solidification and serving. F1. 1,600ml acorn starch in a plastic mould. F2. Six mook blocks. F3. Mook-sabal.




Collecting

The acorn collection site in the case study is located on a hilly area in Chungcheongbuk-do, Republic of Korea, at an altitude of approximately 167m (Figure 2). The area is dominated by oak trees and is within five minutes’ walking time of nearby settlements.




Figure 2 | Geographical location of acorn collection site.



Mrs W, her friend and her granddaughter spent a week collecting acorns, about an hour at noon each day and stored the collected acorns in a plastic basket at home. The acorns collected were from sawtooth oaks (Quercus acutissima), which are about 20-25 meters high. She and her companions chose the mature acorns which had fallen off the trees. After a week’s accumulation, the total number of acorns collected accounted for one third of the volume of a 30cm x 30cm bag and was around 2 kilograms.



Grinding

The process of grinding took place at the grinding factory in the market of Yongsan-myeon, Yeongdong-gun. Mrs W and her granddaughter carried the bag with acorns from the collection site to the factory, which was about ten minutes’ drive. Acorns collected were ground twice using the machine operated by the factory owner. The owner poured the whole bag of acorns into the upper part of the machine for the first grinding. Acorn powder with a few lumps was then discharged from the lower outlet after ten seconds. Before the second grinding, Mrs W quickly crushed the large lumps with her own hands. The second grinding took place in another machine and was operated in a similar way. It took a little longer, about a minute. Finally, she used a plastic ladle to scoop the ground acorn flour into a sack provided by the grinding factory, so as to facilitate the outflow of water during the next process, namely rinsing and filtering.

According to Mrs W, when there were no modern crushing machines, there were two tools for manual grinding, stone mill and foot mortar. Comparing manual grinding methods with machine grinding, the latter was considered the most efficient, followed by foot mortar method, while stone mill method has the lowest efficiency. More specifically, the amount of acorn ground by the machine in ten minutes would take two to three hours using foot mortar and at least half a day using a stone mill. In addition, acorn powder ground by machine tends to be finer, producing a larger quantity of mook. By contrast, with manual grinding, especially stone mill grinding, the powder obtained is often less fine with large lumps, leading to less efficient utilization of acorns. Three types of grinding methods are compared in Table 1.


Table 1 | Comparison of three types of grinding methods.





Rinsing and filtering

Mrs W mentioned that, in some families, acorns might be soaked in water for a week before the next process. She also emphasized that rinsing and filtering is crucial for the taste of the final product. The longer acorn powder is rinsed and filtered, the better it would taste. In order to remove tannins and reduce the bitterness of the mook, her granddaughter spent 3.5 hours rinsing the ground acorn powder in the sack using running water. Depending on the amount of acorn powder, the rinsing time varies, according to the young lady. She rinsed with a connected hose on the gravel path at the edge of Mrs W’s farm. Each time she made sure that the water completely submerged the acorn powder, and then waited for the water to run out. She did the same task repetitively. The whole job was completed when the water coming out of the sack was no longer red and appeared clear.



Starch-shell separation

After rinsing and filtering, Mrs W and her granddaughter took the entire sack of acorn powder home for the rest of the procedure. Because the acorn flour was dripping, they put the sack in a plastic basket while driving home. The flour, along with the sack, was rubbed by hand in a basin. According to Mrs W, the purpose of starch-shell separation is to extract acorn starch, and the constant kneading is to separate the starch from the powder. The young lady poured water into the sack containing the acorn powder and spent around fifteen minutes kneading with her hands while the liquid flowed into a basin. The residue left in the sack was then thrown away.

A second filtering process was then carried out with another weaving bag in a similar way. The bag used for the second time was common in Korean households, often used for making broths, with smaller aperture size. It took a similar amount of time, resulting in a liquid that filled approximately one small basin. After the second filter, the residue was removed again and the brown liquid with white acorn starch particles (visible to naked eyes) in the basin remained. Mrs W added that, “It doesn’t matter how much or how little liquid there is, whether it’s thick or thin. It’s white acorn starch that really matters”.



Boiling

The purpose of boiling is to evaporate the water. The young lady boiled the acorn starch in a pot and kept stirring to avoid the lower part of the paste from being burnt. The paste slowly became gluey, smaller in volume and darker in color. The whole process took about twenty minutes when an inserted spoon could stand upright without falling over. There was about 1,600 ml of acorn starch in the end.



Solidification and serving

When the boiling was completed, the acorn starch was poured into a plastic mould and was left to solidify at room temperature. It took three to four hours for the acorn paste to solidify. Then it was cut into six blocks by approximately 8cm × 8cm × 4cm.

The young lady introduced two mook recipes in South Korea: dipped with seasoned soy sauce or made with kimchi into a kind of soup which was called mook-sabal/묵사발.




Discussion


Chaîne Opératoire of acorn use

Acorn utilization as described in current papers (Qiao, 2010; Chen and Chen, 2019), often comprises collecting, drying, shelling, removing astringency, grinding and cooking (Figure 3). By contrast, the Chaîne Opératoire of ‘mook making’ in this case study is different (Figure 4). There was no shelling in our case. Also, astringency removal came after grinding, not beforehand. In the following, we discuss each sequence respectively.




Figure 3 | Chaîne Opératoire of acorn use in current papers. The procedures of removing astringency and grinding can be in reverse.






Figure 4 | Chaîne Opératoire of ‘mook making’ in our study.



Acorns ripen in the time when autumn turns into winter. Timely collection is essential so as to avoid acorns being damaged by insects or animals. There are two ways of collecting: first, to pick the ripe acorns without cupule on the ground; second, to pick the green acorns which have not fallen off. The taste of the two types of acorns is quite different (Chen and Chen, 2019). One can choose which method to take depending on harvesting conditions and culinary preference. In our case study, ripe acorns on the ground were chosen.

Acorns are often dried after collection (Muto, 2007; Chen and Chen, 2019), but not in our case study. According to previous literature, there are often three ways of drying: sun drying, frying and roasting (Jia et al., 1999), among which sun drying is the most common. The drying step is completed when the acorn shells crack.

In our case study, collected acorns are stored in a basket indoor for a short period before moving to the next procedure. In fact, acorn is very suitable for long-term storage. According to California ethnographies, acorns which are properly stored can last at least two years (Heizer and Elsasser, 1980; Pavlik et al., 1991). Acorns sometimes are mixed with soil and buried in pits (Primavera and Fiorentino, 2013). Alternatively, acorns are soaked in flowing rivers (Sip, 1986). There are three forms of acorn storage, namely whole acorn storage, storage of de-hulled acorns and storage of acorn flour (Sip, 1986). Meanwhile, acorns are often brined, soaked or boiled so as to extend the storage time (Sip, 1986).

The de-hulling method in this case was unusual, as the starch-shell separation was achieved by kneading after grinding. By contrast, the alternative way of de-hulling is to peel or crack the hard shells of acorns before grinding, right after harvesting and drying (Hosoya, 2011; Chen and Chen, 2019). The specific method and tools used for de-hulling depend on the number of acorns, acorn species (thickness of the acorn shell) and maturity (Barrett and Gifford, 1933; Spier, 1978). One way is using a small long stone to smash the acorns out of shells on a heavy flat stone slab (Qiao, 2010).

Both previous literature and our case study demonstrate that astringency removal is crucial for acorn utilization and is labor-intensive, while the actual procedures vary. After shelling, in some cases acorns are not ground. Whole acorns are soaked to remove astringency before being boiled or roasted for serving (Takahashi and Hosoya, 2002). In our case study, the fine starch was extracted by kneading after repeated leaching to remove tannins. Acorns can also be buried in mud with the purpose of removing tannins (Polimac et al., 2016). Sometimes there is no leaching or filtering after grinding (Bai et al., 2000).

As for cooking, despite regional variety, acorn flour or starch is often dissolved in water and the mixture is heated to make various foods, such as biscuits, tofu, noodles, jelly and soup (Zhang et al., 2014). Whole acorn can be boiled, steamed or pounded with other cereals (Tsuji, 1985; Nakui, 2006; Muto, 2007).



Factors influencing nut-processing procedures

We have encountered some similarities and differences in acorn processing between our case study and that of existing studies. The processing procedure generally involves five stages: collecting, shelling, grinding, leaching and cooking (Matsuyama, 1982; Basgall, 1987; Tsuji, 1987; Tsuji, 1988; Takahashi, 1992; Hosoya, 2011; Primavera and Fiorentino, 2013; Chen and Chen, 2019; Wang and Jiang, 2022). Other nuts, such as chestnuts (Castanea) and horse chestnuts (Aesculus), require a similar procedure as acorns (Hosoya, 2011). However, the sequence of the procedures and the detailed methods differ, possibly due to different nut species and culinary tradition.

As for acid removal, different nut species require different methods. Some types of evergreen nuts, i.e. Castanea, are often consumed without removing astringency. Some other evergreen oaks, due to the low level of tannin content, their nuts only need simple procedures, such as water soaking  (Matsuyama, 1982; Duanmu, 1995; Duanmu, 1997). As for acorns of deciduous oaks and horse chestnuts with high acid concentration, i.e. Quercus acutissima and Aesculus chinensis, they require comparatively sophisticated procedures to remove acid  (Matsuyama, 1982; Nakui, 2006). For instance, horse chestnuts need to be soaked in hot water with ash for a day and night, so as to remove their high level of tannin content  (Qiao, 2010). In our case study, the collected acorns belong to the species of Quercus acutissima, which contains high level of tannins. Laborious input is accordingly essential to remove tannins properly.

In addition to nut species, the choice of processing procedure is also affected by culinary requirement. Different acorn-processing procedures can occur in the same region with the very type of acorn. Depending on culinary requirements, typical nut processing methods can be divided into three types: starch extraction, whole-nut cooking and flour production  (Tsuji, 1988; Takahashi, 1992). In our case study, it is about starch extraction. Pure starch and elaborate dishes can be produced but a relatively large amount of waste is inevitable  (Takahashi and Hosoya, 2002). Notably, starch extraction as one particular form of acorn processing technique might have been East Asian specific and is rarely reported from other parts of the world. When it comes to whole nut cooking, for instance in Turkey, there is a custom that toasted and hulled acorns (Quercus brantii) can be eaten directly as a crunchy snack  (Mason and Nesbitt, 2009). Whole-nut cooking is comparatively simple, while acid-removal is incomplete, resulting in a harsh taste. Otherwise, the method of flour production is the most common in many current papers  (Primavera and Fiorentino, 2013; Chen and Chen, 2019. Whether toasted or not, hulled acorns can be ground into flour, which are then mixed with water to make bread, cakes and other foods  (Primavera and Fiorentino, 2013; Polimac et al., 2016).

Nevertheless, sometimes different processing techniques can fulfill the same culinary purpose. For instance, starch extraction of acorns can be done in different ways. With the same purpose of extracting starch, Hosoya (2011) and Wang and Jiang (2022) demonstrate two alternative acorn processing procedures in East Asia (see Figure 5).




Figure 5 | Comparison of three Chaîne Opératoires of starch extraction.





Relating ethnographic observations to archaeological and archaeobotanical evidence

Our case study demonstrates one particular form of acorn processing in South Korea. Linking acorn-processing procedures with archaeological markers is conducive to the reconstruction of acorn use at prehistoric sites. Below we are to discuss potential archaeological and archaeobotanical markers associated with each step of the mook making process, starting from the collection up to the final product.

In our case, acorn collection takes place in a hilly area, close to settlement, where there are sawtooth oak trees. Existing literature suggests two plausible methods of tracking acorn collection which is off-site and sometimes can be difficult to be recognized. The first is site catchment analysis  (Vita-Finzi et al., 1970; Qin et al., 2010), through which one may estimate whether acorn resources lie within the economic range of a settlement. Another is to detect the management of oak trees, for instance, the minimal use of oak amongst building timbers might have been associated with the preservation of oak trees  (Fuller et al., 2011). By studying palaeo-ecological record such as pollen and charcoal influx, traces of fire can be detected, which is also argued to be related to oak management  (Mason, 2000; Anderson, 2005; McCarthy, 1993).

In our case, jute sack is used for easy transportation. Carriers may also be other types of weaving products made of straw, bamboo, reed, etc. Collected acorns without cupules are stored in a loosely-woven basket, which presumably provides better ventilation, and kept in the kitchen. Such organic containers potentially are well preserved under waterlogged or mineralized conditions which are common at archaeological sites of Southeast China, South Korea and Japan. Other ethnographic studies demonstrate that acorn storage often takes place in granaries or pits  (Kroeber, 1932; Mason, 1992). Indeed, acorn pits have been reported from prehistoric sites across East Asia (e.g. ZPICRA, 2004; Sun et al., 2007; Im and Lee, 2010; Kawashima, 2016). The location of storage pits varies from site to site, some under or near houses  (Sun et al., 2007; ZPICRA, 2004) while others far away from settlements  (Archaeological Institute of Kashihara, Nara Prefecture, 2000).

Grinding is often associated with specific tools. The modern crushing machines in our case are equivalent to tools such as slabs and handstones. By conducting starch and use-wear analysis, one is able to detect whether certain artefacts are ever used for processing acorns  (Liu et al., 2010b; Hosoya, 2011). So far, acorn starch on grinding artefacts has been reported from more than 20 prehistoric sites in East Asia (e.g. Shibutani, 2009; Zhang, 2011; Liu et al., 2011; Ge et al., 2021).

Consistent with some existing literature (Barrett and Gifford, 1933; Nakui, 2006; Hosoya, 2011), our case study demonstrates that large amount of water is required to dissolve tannins. Rinsing and filtering is hence most likely to be completed away from household sites, but close to water, for instance by the river. As for containers of acorn powder while rinsing and filtering, in our case it is a modern jute sack, while according to Japanese ethnography, organic materials such as tree leaves are used, leaving few traces in archaeological context  (Nakui, 2006).

Our case study also demonstrates that the practice of starch-shell separation is labor-intensive, and that such procedure results in finely fragmented residue. In other words, depending on the fragmented residue, one should be able to classify acorn remains and infer how it is originally processed (see Table 2). Different from whole-nut eating and flour production, it is possible to leave fragmented cotyledons in residue by starch extraction. Particularly, finely fragmented nutshells mixed with cotyledon pieces are likely to have been associated with the very method of starch extraction without shelling as shown in our case study, whereas large nutshells without cotyledons may indicate whole-nut eating or other processing techniques in which de-hulling precedes grinding. As for material culture associated with starch-shell separation, our observation indicates that containers such as basins are used for the process. In fact, such vessels are often reported from archaeological sites with acorn remains, for instance Shangshan site in Southeast China  (ZPICRA, 2016; Jiang and Lei, 2016). Wang and Jiang (2022) argue that the Shangshan basins are used for acorn starch extraction, more specifically for starch leaching and drying, the procedure of which however is not witnessed in our case study. However, we argue that basins might have been used for starch-shell separation instead. As discussed earlier, the same culinary purpose, such as starch extraction, might have been fulfilled by different processing techniques (Figure 5). It is still to be addressed how precisely basins might have been involved in the acorn processing.


Table 2 | Identification of different processing methods based on fragmented residue.



When it comes to cooking, because starch paste is easy to get burnt by the fire, food crust is likely to remain, leaving starch residue for identification. As a result, residue analysis of container vessels such as pots, jars and bowls can be crucial.

A summary of archaeobotanical and archaeological implication of each procedure of acorn mook making is presented in Table 3. Notably, the preservation chances of residues from each procedure of acorn processing vary in different conditions. Specifically, all products and by-products of acorn processing are likely to be well preserved under waterlogged or desiccated condition. In the case of carbonization, according to published reports (e.g., Schulz and Johnson, 1980; Pals, 1984; Mason, 1992), only fragments of acorn shells or cotyledons remains, whereas the products and by-products of acorn collection and storage which deals with whole acorn are ‘missing’ from archaeological sites. By comparison, even less traces of acorn processing can be preserved under mineralized condition.


Table 3 | Archaeobotanical and archaeological evidences associated with each step of acorn mook processing.






Conclusion

Acorns are considered to have played an important role in human diet during prehistoric times. This paper tackles the Chaîne Opératoire of acorn utilization by conducting a case study of ‘mook making’ in South Korea based on an ethnological approach. Our case study of ‘mook making’ provides an explicit record of the Chaîne Opératoire of acorn utilization, which consists of collecting, grinding, rinsing and filtering, starch-shell separation, boiling, solidification and serving. In contrast with most current papers on acorn processing, our observation shows that the procedure of grinding sometimes precedes the procedure of de-hulling and acid removal. The difference is largely due to the culinary requirement, which in our case is for pure starch, rather than flour. Meanwhile, the processing procedure of acorns also depends on nut species. The higher content of tannins, the more complicated acid-removal process is in need. By discussing potential archaeological and archaeobotanical markers associated with each step of acorn mook making process, our case study brings new insights into archaeological interpretations of acorn remains. Particularly, we argue that finely fragmented nutshells mixed with cotyledon pieces are likely to have been associated with starch extraction, whereas large nutshells without cotyledons may indicate whole-nut eating or other acorn processing techniques in which de-hulling precedes grinding. Our study provides explicit reference for future study of acorn utilization in archaeological sites.
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Foxtail and broomcorn millets are the most important crops in northern China since the early Neolithic. However, little evidence is available on how people managed these two crops in the past, especially in prehistory. Previous research on major C3 crops in western Eurasia demonstrated the potential of stable carbon and nitrogen isotope analysis of charred archaeobotanical remains to reveal the management of water and manure, respectively. Here, we evaluate the feasibility of a similar approach to C4 millets. Foxtail and broomcorn millet plants grown in pots in a greenhouse under different manuring and watering regimes were analysed to test the effects of management on stable carbon and nitrogen isotope values of grains. Stable nitrogen isotope values of both millets increased as manuring level increased, ranging from 1.7 ‰ to 5.8 ‰ in different conditions; hence, it appears a feasible tool to identify manuring practices, in agreement with results from recent field studies. However, the two millets exhibit opposing trends in stable carbon isotope values as watering level increased. The shift in stable carbon isotope values of millets is also smaller than that observed in wheat grown in the same experimental environment, making it difficult to identify millet water status archaeologically. In addition, we charred millet grains at different temperatures and for varying durations to replicate macro-botanical remains recovered archaeologically, and to evaluate the offsets in carbon and nitrogen isotope values induced by charring. We found that the stable nitrogen isotope values of foxtail millet and broomcorn millet can shift up to 1–2 ‰ when charred, while the stable carbon isotope values change less than 0.3 ‰. Overall, we demonstrate that stable nitrogen isotope values of charred foxtail and broomcorn millet seeds could provide insight into past field management practices, and both carbon and nitrogen isotope values can together inform palaeodietary reconstruction.




Keywords: foxtail millet, broomcorn millet, stable isotopes, carbon, nitrogen, charring, farming, archaeology



1 Introduction

Foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) are the most important crops in northern China since the early Neolithic (Liu et al., 2004; Zhao, 2004; Yang et al., 2012; Crawford, 2016; Zhao et al., 2020) and remain so today in some parts of China (e.g. northern Shanxi Province). They were not only staple foods for people, but also important feed for domestic pigs and dogs (Pechenkina et al., 2005; Barton et al., 2009; Chen et al., 2016). Broomcorn millet was also a widely used crop in late prehistoric Europe, introduced from East Asia in the 2nd millennium BC (Motuzaite-Matuzeviciute et al., 2013; Filipović et al., 2020).

The way people manage their crops not only impacts crop yields and quality but also how people organize their labour and what they do in different seasons. However, little direct evidence exists on prehistoric management of millet crops. Isotopic analysis of charred archaeological remains can potentially provide insight on crop management strategies. Previous studies based on growing experiments, surveys in traditional farming communities, and analysis of archaeobotanical remains reveal that manuring of wheat and barley can lead to higher stable nitrogen isotope values, while water shortage can result in reduced carbon isotope discrimination (Araus and Buxo, 1993; Kanstrup et al., 2011; Bogaard et al., 2013; Wallace et al., 2013; Styring et al., 2016).

The existing literature largely focuses on crops in western Eurasia, while less is known regarding the effect of manuring and watering regimes on isotopic values of traditional crops of East Asia (An et al., 2015; Yang and Li, 2015; Lightfoot et al., 2016; Lightfoot et al., 2020). Previous studies focus on stable carbon isotope values of millets, while no research has investigated the interaction of manuring and watering on foxtail or broomcorn millet. Here we present results from a greenhouse pot experiment with foxtail and broomcorn millets grown at different manuring and watering levels, to assess the potential of stable isotope analysis of millet grains in reflecting these management parameters. When applying this approach to charred archaeobotanical remains, the premise is that charred grains retain their original isotopic signature or show a systematic offset in isotopic values. Some previous research demonstrates that charring effects on cereal isotope values depend on charring conditions (DeNiro and Hastorf, 1985; Yang et al., 2011; Nitsch et al., 2015). We examined changes in stable carbon and nitrogen isotope values of foxtail and broomcorn millets subjected to different well-defined charring temperatures and durations that replicate grains recovered archaeologically.



2 Scientific background


2.1 The variability of stable carbon isotope values in C4 plants

Depending on their respective photosynthetic pathways, plants can be classified as C3, C4, or CAM (Hatch and Slack, 1970). Major C3 crops include wheat, barley, rice, and legumes, while maize, sorghum, sugarcane, and millets constitute important C4 crops. The stable carbon isotope values of C3 plants can vary considerably depending on environmental and genetic factors. In general, the stable carbon isotope values of C3 plants increase with decreasing mean annual precipitation (Kohn, 2010). In contrast, the isotopic composition among C4 plants varies less than that among C3 plants because the potentially large effect of fractionation by RuBisCO is suppressed in the semi-closed bundle sheath (O’Leary, 1988; Bowman et al., 1989). In addition, the pi/pa ratio (the ratio of intercellular to ambient partial pressure of CO2) in C4 plants can remain fairly stable under a wide range of light, water and nutrient conditions (Wong et al., 1985b; Wong et al., 1985a; Wong et al., 1985c). Farquhar (1983) proposed a simplified model for C4 plants:

 

where a is the diffusional fractionation factor (4.4 ‰), b3 is the discrimination factor against 13CO2 by RuBisCO (30 ‰), b4 is the fractionation due to PEPC (phosphoenolpyruvate carboxylase enzyme, –5.7 ‰) and Φ represents the fraction of CO2 that leaks from the bundle sheath into the mesophyll. The term in Eq. (1) that is multiplied by pi/pa can be either positive or negative depending on the leakiness factor Φ. C4 plants often (but not always) display opposite trends in Δ13C in response to changes in stomatal conductance and water stress in comparison to C3 plants (Williams et al., 2001; Dercon et al., 2006; Ellsworth and Cousins, 2016).

Foxtail and broomcorn millets are both C4 plants, yet they belong to two different biochemical subtypes: foxtail millet is an NADP-ME subtype, and broomcorn millet is an NAD-ME subtype (Hattersley, 1982). Previous studies suggest that the δ13C values of foxtail millet are positively correlated with water availability (An et al., 2015; Lightfoot et al., 2020) and negatively correlated with latitude or light (Yang and Li, 2015). In addition, there can be significant variations in δ13C values among different accessions (ca. 1.5–2 ‰) (An et al., 2015; Lightfoot et al., 2016). Little research has addressed broomcorn millet. Yang and Li (2015) found a positive correlation between the δ13C values of broomcorn millet and precipitation, i.e. its Δ13C values correlate negatively with precipitation.

In addition to water status, the level of nitrogen nutrition may also affect leaf photosynthetic capacity. Condon et al. (1992) found that low nitrogen nutrition can lead to lower δ13C values in wheat grains. In contrast, several studies found that increased nitrogen supply correlated with reduction in the δ13C values of maize (Dercon et al., 2006; Pansak et al., 2007; Lasa et al., 2011). Nevertheless, no clear nitrogen effect on the carbon isotopic discrimination in maize was found under an optimum water regime (Dercon et al., 2006).



2.2 The variability of stable nitrogen isotope values in C4 plants

Plant stable nitrogen isotope ratios reflect their nitrogen source (atmospheric nitrogen for N2-fixing plants or nitrogenous compounds such as   and NO3- for non N2-fixing plants) and any fractionation during nitrogen uptake and assimilation (Evans, 2001). For non N2-fixing plants, the δ15N values of plants largely depend on that of soils; plant nitrogen should have δ15N values similar to, or lower than, that of the nitrogen in soil (Heaton, 1987). A wide variety of environmental factors can influence the δ15N values of plants. Mean annual precipitation is found to be negatively related to foliar δ15N values in several studies (Handley et al., 1999; Amundson et al., 2003). Investigations of traditionally farmed fields have also confirmed that barley grown at more arid sites has higher δ15N values (Styring et al., 2016). Additionally, foliar δ15N values are positively correlated with temperature, and warmer ecosystems are characterized by higher δ15N values than colder ecosystems (Martinelli et al., 1999; Amundson et al., 2003). It is hypothesized that the higher soil δ15N values of warmer areas is due to increased mineralization of soil organic nitrogen and gaseous losses of 15N-depleted nitrogenous compounds (Handley et al., 1999). Few studies have examined variability in stable nitrogen isotope values in C4 plants. Lightfoot et al. (2016) found significant variation (up to 6 ‰) in δ15N values among different accessions of foxtail millet grown under the same conditions.

In addition to natural factors, agricultural practices can also have an impact on the δ15N values of plants. Many studies have demonstrated that plants receiving animal manure have higher δ15N values than unmanured plants (Szpak, 2014). Recent studies have shown that the δ15N values of C4 plants (pearl millet, foxtail millet, and broomcorn millet) also increase with the application of manure (Fraser et al., 2013; Styring et al., 2019; Christensen et al., 2022). In addition, the type and amount of manure applied and the frequency of application all affect plant δ15N values. Plants fertilized with seabird guano have the most elevated δ15N values, followed by fertilization with pig manure, then cattle manure; plants fertilized with poultry manure have the least elevated δ15N values (Choi et al., 2002; Bateman and Kelly, 2007; Szpak, 2014). However, the plant nutritive value of nitrogen in manure and the effect of manuring on plant δ15N values depends not only on animal species but also on the composition of animal diets and the conditions for manure storage before application (Szpak, 2014).

Burning/shifting cultivation can also affect plant δ15N values. For example, the δ15N values usually increase in the first few years after burning (Szpak, 2014). In shifting cultivation, land parcels are usually left fallow for several years and then burned just prior to cultivation, hence high δ15N values are also expected in shifting cultivation. Tillage is unlikely to change plants δ15N values significantly (Selles et al., 1984).

Water availability can also affect the δ15N values of plants. Lightfoot et al. (2020) found a positive correlation between δ15N values of foxtail millet and the amount of water applied after excluding waterlogged plants. Reid et al. (2018) found similar patterns in pearl millet Pennisetum glaucum, in which δ15N values increased as cumulative annual precipitation rose. However, Sanborn et al. (2021) suggested that water availability had little effect on the δ15N values of Pennisetum glaucum. Similar observations were made by Swap et al. (2004) for C4 vegetation in southern Africa. On the other hand, Murphy and Bowman (2009) found a negative relationship between water availability and the δ15N values of C4 plants. Similar information on broomcorn millet is currently lacking.



2.3 Charring effects

Charred seeds and wood are the most commonly preserved macroscopic plant remains in archaeological contexts. During charring, the starch and amino acids in grains react to form high-molecular weight melanoidins, which make grains resistant to microbial attack, enabling their preservation in the archaeological record (Braadbaart et al., 2004a; Braadbaart et al., 2004b; Braadbaart et al., 2004c; Styring et al., 2013). Under ideal conditions, charring of grains induces minimal morphological changes so they are still identifiable when excavated. However, charred grains can have slightly different isotopic compositions from fresh ones due to differential loss of compounds in the process of heating. For example, water and lipids that are volatile are lost at relative low temperatures (<150°C). Lipids usually have lower δ13C values than the bulk, hence the residue ends with higher δ13C values (Czimczik et al., 2002). At higher temperature, cellulose and other starches start to break down (>220°C) and volatilize (>300°C). Cellulose is isotopically heavier relative to the bulk, and so loss of cellulose and starches will lead to lower δ13C values of the remnant (Czimczik et al., 2002). Depending on charring conditions and the initial composition of seeds, their carbonisotopic values may increase or decrease upon charring (Nitsch et al., 2015). Hence, experimental charring under well-defined conditions is needed to interpret any isotopic shifts in foxtail and broomcorn millets due to prehistoric charring. Previous studies have shown that well preserved grains with little distortion are produced at relatively low temperatures (220–240°C) (Charles et al., 2015). Simulating charring experiments of foxtail millet suggests that the offset of the δ13C values of foxtail millet can range from 0.04 to –0.46 ‰ when charred at 50 to 300°C and the offset of the δ13C values of broomcorn millet range from –0.02 to 0.49 ‰ (Yang et al., 2011). Previous experimental charring of wheat, barley, lentil and pea observed changes of δ13C values of +0.11 ‰ (ranging from 0.003–0.22 ‰) (Nitsch et al., 2015). No information on the changes of stable nitrogen isotope values of foxtail and broomcorn millets is available. There is an 0.34 ‰ offset in the nitrogen isotope values between charred and uncharred pearl millet (Styring et al., 2019), comparable to the 0.31 ‰ average offset of charred wheat, barley, lentil, and pea (Nitsch et al., 2015).




3 Materials and methods


3.1 Growing conditions and sampling of greenhouse samples

Foxtail millet (Setaria italica L.), and broomcorn millet (Panicum miliaceum L. Kornberger) seeds were obtained from millets grown in the Askov long-term experiment (Christensen et al., 2022) and planted in pots (about 0.5 L) in late May and early June 2018 in the greenhouse at the Department of Plant Sciences, University of Oxford. Wheat (Triticum aestivum) seeds were planted together with millets served as a reference crop. Plant numbers were reduced in mid-June to leave only one plant per pot. The greenhouse setting was 16-h light/8-h dark photoperiod at 30°C (daytime)/28°C (nighttime) (irradiance 800 μmol of photons/m2 per second) with 80% relative humidity (RH). The plants grew under different combinations of manuring and watering levels, with 21 plants per species (Table 1). Different amounts of cattle manure that had been rotted down for 12 months were purchased from a local Oxfordshire farm and mixed with nitrogen-free clay granules (Profile Field & Fairway Soil Amendment, Rigby Taylor Ltd.) to achieve three manuring levels (1%, 5%, and 10% of organic matter in the mixed soil). Nitrogen-free clay granules, instead of regular pot compost mixtures, were chosen to eliminate the potential impact on nitrogen isotope values of mixed organic and mineral fertilisers. The percentage of organic matter was further confirmed by loss-on-ignition. The three manuring levels (1%, 5%, and 10%) represent low, high, and very high manuring practices respectively. Soils with 1% organic matter are commonly found in naturally occurring or low manuring level soils in northern China, soils with 4-5% organic matter are found in northeastern China; and soils with 10% organic matter are rare in the field (Cao et al., 2022; Zhang et al., 2022). Unfortunately, possibly due to insufficient mixing of growth medium and manure, many plants grown under 10% manuring failed. Hence, plants grown under this condition were excluded from further analysis. In addition, three watering levels were applied, i. e. 20% saturation, 60% saturation, and 100% saturation (correspond to 34 ml, 102 ml, and 170 ml of water supply per pot respectively). Water was added every 1–5 days when no water was observed in trays containing the pots. For each condition, three replicate pots were included, and their position randomized and rearranged daily to eliminate any impact of uneven growth conditions within the greenhouse. A nutrient solution (6 g CaHPO4 * 2H2O, 4.5 g K2SO4, 5 g MgSO4 * 7H2O, 1.5 g sequestered iron, and 0.5 g Hoagland’s no. 2 basal salt mixture, per 10 kg soil) was added to the pots every two weeks. The plants were harvested in mid-September when physiologically mature.


Table 1 | Seven growing conditions of foxtail millet, broomcorn millet, and wheat at the greenhouse, Department of Plant Sciences, University of Oxford.



A random sample of 20–30 grains was obtained from each plant for stable carbon and nitrogen isotope analysis; if a plant had multiple panicles, the whole set or half of the grains from each panicle (depending on the yield) were bulked before a sub-sample was taken for analyses. The palea and lemma were removed from the grains.



3.2 Millet charring experiments

For the charring experiments, dehusked foxtail and broomcorn millet grains were obtained from a local supermarket (grown in Weihai, Shandong, China). The study of Märkle and Rösch (2008) suggested that foxtail millet starts to become charred at 220°C under oxidizing conditions, while broomcorn millet needs slightly higher temperatures. Yang and colleagues (2011) found that foxtail and broomcorn millet start to become charred at 200°C, while heating at 250°C leads to swelling and some distortion, and destruction when heated at 300°C. The setup of the current study follows Nitsch et al. (2015), with charring temperatures at 215°C, 230°C, 245°C and 260°C, and heating durations of 4 hrs, 8 hrs, and 24 hrs. This provides 12 charring regimes altogether. Changes in seed morphology vary with charring conditions, with details discussed in Section 4.3. Three parallel samples were prepared under each condition. Three additional samples of both millets were dried at 50°C for 48 hrs to represent uncharred grains. Each sample consisted of 60 grains of foxtail or broomcorn millet. The charring experiment employed a muffle box furnace (SXL-1400C, Shanghai Jvjing) with seeds wrapped in aluminum foil and buried in sand, simulating conditions with restricted access of oxygen.



3.3 Isotopic analysis

Millets and wheat samples grown in the greenhouse were processed and analyzed at the School of Archaeology, University of Oxford, while charring effects on millets were analyzed at Shandong University. Specifically, grain samples from the growing experiment were homogenized using Spex 2760 Freezer/Mill before isotopic analysis. Milled samples were weighed into tin capsules and then run on a Sercon EA-GSL mass spectrometer at the Research Laboratory for Archaeology and the History of Art (RLAHA), School of Archaeology, University of Oxford. The δ13C and δ15N values were measured separately, using an internal alanine standard to obtain raw data and adjust for drift correction. In each run, additional calibration and check standards were run every 5–10 samples. An internal alanine standard and USGS 41 were used for the calibration of δ13C values, and IAEA-CH6 was used as a check standard; the internal alanine and an internal seal standard were used for the calibration of δ15N values and EMA B2159 sorghum was used as check standard.

Grain samples from the charring experiment were homogenized with an agate mortar and pestle after charring, and sub-samples of 1.5–3 mg were weighed into tin capsules. The samples were analyzed using a Thermo Scientific Delta V Advantage IRMS with a Flash 2000 HT Elemental Analyzer at the Joint International Research Laboratory of Environmental and Social Archaeology (JoInRLESA), Shandong University. The δ13C and δ15N values were measured together with dilution on carbon. An internal alanine standard was used to monitor drift correction. USGS 40, USGS 41a, and USGS 62 were used for calibrations and EMA B2159 sorghum was used as check standard.

The standard uncertainty of carbon isotope values is ±0.3 ‰ at both laboratories, while that of nitrogen isotope values is ±0.4 ‰ and ±0.2 ‰, respectively (Supplementary).




4 Results and discussion


4.1 Manuring and watering effects on the carbon isotope values of foxtail and broomcorn millets

The stable carbon isotope values of Setaria, Panicum, and Triticum grains grown under different manuring and watering regimes are listed in Table 2 and Table S1. The stable carbon isotope values of Setaria grains have an average of -12.3 ‰, -12.2 ‰, and -12.2 ‰ respectively for plants grown under low, medium, and high watering levels; the stable carbon isotope values of Panicum grains have an average of -13.6 ‰, -13.8 ‰, and -14.0 ‰ respectively; and the stable carbon isotope values of Triticum grains have an average of -29.0 ‰, -29.6 ‰, and -30.6 ‰ respectively (Figure 1A). The shift in carbon isotope values in response to different watering levels is smaller for Setaria and Panicum than for Triticum.


Table 2 | The carbon and nitrogen isotope values of foxtail millet (Setaria), broomcorn millet (Panicum), and wheat (Triticum) grains grown under different manuring and watering levels.






Figure 1 | The carbon (A) and nitrogen isotope values (B) of foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum) and wheat (Triticum aestivum) grains grown under different manuring and watering conditions (for growing conditions, 1% and 5% are referring to the manuring levels, and low, medium, and high are referring to watering levels, for example, ‘1% low’ represents ‘1% manuring + low watering level’).



Figure 1A shows that the stable carbon isotope values of Setaria are positively correlated with watering level (though this is not statistically significant, Kruskal-Wallis test, Table 3), while the carbon isotope values of Panicum and Triticum are negatively correlated (not statistically significant, Table 3). The non-parametric Kruskal-Wallis test is chosen here because of the very small sample size (n=2 or 3). As discussed earlier (section 2.1), the carbon isotope values of C3 plants decrease with higher watering levels, while the carbon isotope values of C4 plants can increase or decrease in respond to elevated watering levels. The trend for Setaria in the current study is also found in previous studies on foxtail millet (An et al., 2015; Ellsworth and Cousins, 2016; Lightfoot et al., 2020) and pearl millet (Sanborn et al., 2021). The trend for Triticum confirms the expectations of a C3 plant (Wallace et al., 2013). The trend of Panicum observed in the current study is opposite to that found in the study by Yang and Li (2015). However, the study of Yang and Li (2015) relied on grains collected from widely different locations that varied not only in precipitation but also in latitude, altitude, and temperature. These parameters may all affect the carbon isotope values of Panicum grains. The plants grown in the current study vary in watering level only and are more likely to isolate the response of carbon isotope values to water availability in Panicum grains.


Table 3 | Kruskal-Wallis test results of watering and manuring effects on the carbon and nitrogen isotope values of foxtail millet (Setaria), broomcorn millet (Panicum), and wheat (Triticum) grains.



When comparing plants of the same watering level and different manuring levels, it is found that Setaria and Triticum grains grown with 5% manure have lower δ13C values (0.3–1.2 ‰) than ones grown with 1% manure (Figure 1A, Table 2). This aligns with previous research on C4 plant maize where increasing nitrogen supply was found to reduce δ13C values (Dercon et al., 2006; Pansak et al., 2007; Lasa et al., 2011). In contrast, Panicum grains grown with 5% manure have slightly higher δ13C values (0.3 ‰) than plants grown with 1% manure (Table 2), which is opposite to the trend found in the Askov long term experiment field (Christensen et al., 2022). In general, however, the manuring effect on the δ13C values of Setaria and Panicum is small and variable.



4.2 Manuring and watering effects on the nitrogen isotope values of foxtail and broomcorn millets

The stable nitrogen isotope values of Setaria grains range from 8.4 to 14.1 ‰ for plants grown with 1% manure, and from 12.8 to 16.5 ‰ for plants with 5% manure. Stable nitrogen isotope values of Panicum grains range from 11.0 to 15.4 ‰ when grown with 1% manure, and from 13.5 to 16.0 ‰ for plants with 5% manure. The values of Triticum grains range from 10.0 to 13.8 ‰ and from 15.2 to 18.2 ‰ for 1% and 5% manure, respectively (Table 2, Table S1, Figure 1B).

When comparing plants grown under the same watering level but different manuring levels (for example, 1% manure + medium watering vs. 5% manure + medium watering), it is clear that Setaria, Panicum, and Triticum, grown with 5% manure have much higher nitrogen isotope values than those grown with 1% manure (Tables 2 and 3). When medium and high watering levels are considered separately, statistical tests suggest the increase is not significant for Panicum and Triticum, but this is likely an artifact of the small sample size (only two plants, instead of three, survived in some conditions for Panicum and Triticum). However, when medium and high watering levels are combined, the increase is statistically significant for all three species (Table 3). In other words, all three crops have higher nitrogen isotope values as the manuring level increases. In addition, the magnitude of the shift in stable nitrogen isotope values caused by manuring is comparable for Setaria (shift of 5.8 ‰ and 3.2 ‰ with medium and high watering levels respectively), Panicum (shift of 1.7 ‰ and 3.2 ‰), and Triticum (shift of 5.8 ‰ and 4.6 ‰) (Table 2). This observation is also supported by complementary results from the Askov long term field experiment (Christensen et al., 2022).

When comparing plants with the same manuring level but different water levels, it is clear that Setaria, Panicum, and Triticum all have higher stable nitrogen isotope values as the watering level decreased (Table 2). The nitrogen isotope values increased 2.7 ‰, 3.1 ‰, and 2.3 ‰ for Setaria, Panicum, and Triticum respectively as watering level drops from high to medium or low in 1% manuring conditions, and increased 1.4 ‰, 0.3 ‰, and 1.8 ‰ respectively as watering level drops from high to medium in 5% manuring conditions. This conforms to the expectation of an aridity effect, and is also supported by previous research (Luo et al., 2018). However, in a pot growing experiment on Setaria, Lightfoot et al. (2020) found higher nitrogen isotope values with higher watering levels after excluding waterlogged plants. In their study the lowest watering level was 100 ml in 1 L pot every two days, somewhat higher than our lowest watering level of 34 ml in 0.5 L pot every day. Meanwhile, the study applied a lower temperature regime (28°C/22°C) than our study (30°C/28°C). It is possible that all the plants grown in the study of Lightfoot et al. (2020) were above the aridity threshold for Setaria with nitrogen isotope values affected by other factors than water stress.

There are variations in stable nitrogen isotope values among the three replicated plants of the same growing condition. Some plants have relatively consistent values (with a range of about or within 1 ‰), while others have a rather large range (up to 3.8 ‰). Because of the relatively small number of replicates in the current experiment, it is not clear whether large ranges are due to genetic variations among plants or just random factors. Lightfoot et al. (2020) found a range of 2.5–4.4 ‰ in the nitrogen isotope values of Setaria grown under each watering regime with more replicates (n=7–11) and multiple accessions. Experiments with a larger number of replicates of the same accession are needed to assess the variability in stable nitrogen isotope values of Setaria and Panicum.

Plants grown in the current experiment generally have high stable nitrogen isotope values. We did not measure the δ15N values of the manure applied. The high isotope values may reflect a combination of the high temperature regime applied in the growth chamber and the likely high nitrogen isotope values of the manure we used (left to decompose for 12 months before application). During storage, significant quantities of nitrogen could have been lost from the manure through denitrification and ammonia volatilization. The nitrogen lost in this way is depleted in 15N and the nitrogen retained in the decomposing manure becomes enriched in 15N. Since plants grew in a soil-free (and thus nitrogen-free) medium, the millets relied solely on manure nitrogen, likely with a high 15N concentration (Bateman and Kelly, 2007). Combined with the high temperature regime in the glasshouse, this could explain why the nitrogen isotopic values of the millet grains in current study were at a higher level than that found in our previous study (5.8 to 6.3 ‰) with anaerobically stored cattle slurry grown under NW European field conditions (Christensen et al., 2022).



4.3 Charring effects

Grains of foxtail and broomcorn millets, charred at 215 °C to 260 °C for 4 to 24 hrs, retained their physical morphology to varying degrees (Figure 2). When heated to 215 °C, the grains turned brown after 4 to 8 hours, but did not turn black. After 24 hrs the grains turned completely black but remained morphologically intact. When heated to 230 °C, Panicum grains showed slight distortion after 4 hrs, while Setaria grains did so after 8 hrs. When heated to 245 °C for 24 hrs, more than half of the grains were no longer identifiable. All grain samples were severely distorted when heated to 260 °C, with Panicum grains generally distorted more severely than Setaria grains. Grains of different varieties could have minor variations in response to heat. Previous research by Yang et al. (2011) also suggested that foxtail and broomcorn millets with identifiable morphological traits are probably charred between 200 and 250 °C.




Figure 2 | Charred foxtail (upper, Setaria italica) and broomcorn millet (lower, Panicum miliaceum) seeds under different charring conditions. The red box approximately delineates seeds comparable to well preserved archaeological remains.



Foxtail and broomcorn millets lost 13% and 15% of their original mass, respectively, when heated to 215°C for 4 hrs. The weight loss increased as temperature and duration increased; the loss was 67% and 66% of original mass when heated at 260°C for 24 hrs (Table 4). The carbon and nitrogen concentration of Setaria and Panicum grains also increased as temperature and duration increased (Table 4). The nitrogen concentration increased from ca. 2% (unheated) to 4– 5% (heated at 260°C for 24 hrs). Considering the mass loss of up to 67%, it is likely that there is minor nitrogen loss in heating (about 20–30% was lost). In contrast, carbon concentration only increased from 38% to 55% for Setaria, and 38% to 53% for Panicum, suggesting that a significant amount of carbon was lost during heating (about 50% were lost). It should also be noted that the highest carbon concentration is not in samples heated at 260°C for 24 hrs, but at 260°C for 8 hrs for Setaria and at 260°C for 4 hrs for Panicum, respectively. After these turning points, the carbon concentration drops again. It is likely that significant carbon loss occurred thereafter.


Table 4 | Average weight loss, δ13C, %C, δ15N and %N of foxtail (Setaria) and broomcorn millet (Panicum) grains heated at different temperatures and durations.



The stable carbon isotope values of charred Setaria and Panicum grains shifted 0.1–0.5 ‰ and –0.4–0 ‰, respectively, compared to uncharred grains (50°C for 48 hrs), while the stable nitrogen isotope values shifted 0.4–1.6 ‰ and 0.4–1.8 ‰ for grains when charred at different temperatures and durations (Table 4; Table S2). Generally, the shifts increased with higher temperature and longer duration. However, the carbon isotope values of Setaria and Panicum changed little (Figure 3). Samples heated at 215°C for 4 and 8 hrs and at 230°C for 4 hrs showed incomplete charring, and many samples heated at 245°C for 24 hrs or at 260°C for any duration were no longer identifiable morphologically. Therefore, only samples heated at 215°C for 24 hrs, 230°C for 8 and 24 hrs, and 245°C for 4 and 8 hrs are considered in estimating offsets between charred and uncharred grains (Figure 2).




Figure 3 | The change of carbon and nitrogen isotope values of foxtail (Setaria italica) and broomcorn millet (Panicum miliaceum) grains when heated at different temperatures and durations.



The offsets of stable carbon and nitrogen isotope values in identifiable Setaria grains are 0.2–0.3 ‰ (mean 0.24 ‰) and 0.8–1.2 ‰ (mean 1.0 ‰), respectively. The offsets in identifiable Panicum grains are 0.1–0.2 ‰ (mean 0.16 ‰) and 1.1–1.7 ‰ (mean 1.3 ‰), respectively. The offset in stable carbon isotope values of both millets are minimal in the current study, consistent with previous studies on foxtail millet (Yang et al., 2011), broomcorn millet (Fraser et al., 2013), and several other crops (Fraser et al., 2013; Nitsch et al., 2015). The offsets in stable nitrogen isotope values of Setaria and Panicum observed in the current study are comparable to that of broomcorn millet in the previous study by Fraser et al. (2013), though higher than that of several crops including C4 pearl millet in other charring experiments (Nitsch et al., 2015; Styring et al., 2019).



4.4 The potential of stable isotope analysis of charred Setaria and Panicum remains for investigating ancient farming systems

Based on previous work and the current study, the application of manure leads to higher nitrogen isotope values of millets, and the magnitude of the shift is comparable for the two kinds of millets and wheat (Figure 1A). Hence, analyses of stable nitrogen isotope values represent an important tool in the study of prehistoric manuring in East Asian millets. Furthermore, the higher stable nitrogen isotope values of archaeological human remains, previously attributed to the consumption of large amounts of animal products, need to be reconsidered in light of the possible contributions of manured millets to people’s diet (Dong et al., 2021). As aridity may also lead to higher nitrogen isotope values of millets as in C3 plants, any environmental effects should be considered when interpreting isotopic signatures of archaeological remains.

Watering can cause a shift in stable carbon isotope values of C4 millets as well (Figure 1B), but the magnitude of the shift is much smaller than that of wheat and is close to the magnitude of analysis uncertainty. In the current study, stable carbon isotope values of both millets shifted 0.5 ‰ while the carbon isotope values of wheat shifted 1.4 ‰ from low watering to high watering levels under the 1% manure condition. Using stable carbon isotope values of millets to infer water status appears to be a challenge due to the small shift upon watering. The relatively large variations among different varieties pose additional complications (Lightfoot et al., 2016).

Our charring experiment demonstrated that the stable carbon and nitrogen isotope values of charred foxtail and broomcorn millet grains increased slightly from uncharred grains (Figure 3). The exact shift of isotopic values upon charring can vary depending on many factors, such as the variety (Charles et al., 2015), growing conditions (Yang et al., 2011), and ripeness and associated chemical composition of the grains. No significant change in stable carbon isotope values of foxtail and broomcorn millet grains was found in the current study. The current study suggests an increase of 1–2 ‰ in stable nitrogen isotope values of charred foxtail millet and broomcorn millet due to charring. This aligns with previous studies on grains from C3 crops (Fraser et al., 2013; Styring et al., 2013). It is noted, however, that other studies on C3 crops show smaller or non-systematic effect of charring on grain δ15N values, regardless of grain size and degree of oxygen access during charring (Kanstrup et al., 2012; Nitsch et al., 2015).




5 Conclusions

The current study demonstrates that stable nitrogen isotope values of both foxtail and broomcorn millet seeds are positively correlated with manuring levels, making it feasible to use seed nitrogen isotopes values to identify past manuring practices, in agreement with recent field experimental results (Christensen et al., 2022). The stable nitrogen isotope values of both millets also increased as watering level decreased in the current study, showing an aridity effect similar to C3 crops. However, the opposite trend was found in foxtail millet in a previous study by Lightfoot et al. (2020). For stable carbon isotope values, the two millets exhibited opposing trends as watering level increased. The magnitude of these shifts in millet seed carbon isotope values is also smaller than that observed in wheat, making it difficult to identify the watering status of millets archaeologically. Charring can lead to increases up to 1–2 ‰ in stable nitrogen isotope values of both millets, while the carbon isotope values of foxtail and broomcorn millet change less than 0.3 ‰. Overall, we demonstrated that stable nitrogen isotope values of charred foxtail and broomcorn millet seeds could provide insight into past field management practices, while both carbon and nitrogen isotope values can inform palaeodietary reconstruction. However, to investigate growing conditions and manure management in prehistoric agriculture, more information would be beneficial regarding the type, quantity and quality of historic manures, the frequency of application, and how manure was stored before application to crops.
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Research has generally outlined that the Neolithic East Asian farmers expanded into Southeast Asia, leading to substantial social and cultural transformations. However, the associated archaeobotanical evidence until now has been insufficient to clarify the exact timing, dispersal route, and farming package of the emergence of agriculture in Mainland Southeast Asia. To clarify these issues, the micro-plant remains of phytolith and starch from three Neolithic sites in Ha Long Bay were extracted and analyzed. This study validates the earliest evidence of co-cropping in northern Vietnam, involving the cultivation of rice together with foxtail millet at 4000 years BP or slightly earlier. Moreover, the results indicate that at least two patterns of subsistence strategy were practiced simultaneously during the initial farming phase in the region. The Trang Kenh people, a regional variant of the Phung Nguyen cultural group often have been seen as the first farmers in northern Vietnam, and they mainly practiced a cereal-based subsistence strategy with more vital cultural characteristics of southern China origin. Meanwhile, the Ha Long people, mainly composed of indigenous hunter-gatherer descendants, continued to utilize a wide range of their preferred plant resources such as taros, yams, and acorns, while they absorbed and incorporated new elements such as millet and rice into their food system. This study provides solid information to understand the diverse economic systems among different cultural groups in Vietnam.




Keywords: agriculture, phytolith, starch, rice, millet, Ha Long Bay, Vietnam, Southeast Asia



Introduction

Several studies based on archaeology, linguistics, and genetics have suggested that farming groups with rice and/or millet domestication originated from central China and expanded into Mainland Southeast Asia through southern China, admixing with or replacing the indigenous hunter-gatherers around 4000 years BP (Before Present) (e.g., Bellwood, 2005; Zhang and Hung, 2010; Higham et al., 2011; Lipson et al., 2018; McColl et al., 2018; Matsumura et al., 2019; Yang et al., 2020). The arrival of rice and millet agriculture and their domesticators led to significant social, cultural, and economic transformations in Mainland Southeast Asia, including technological advancement, demographic expansion, and cultural complexity.

Recent archaeobotanical studies have confirmed that both rice and millet agriculture occurred in southern China at about 5000-4800 cal. years BP. For instance, phytoliths from rice (Oryza sativa) and broomcorn millet (Panicum miliaceum) were discovered from the Tanshishan cultural layer (ca. 5000-4500 cal. years BP) at Baitoushan in coastal Fujian (Dai et al., 2021). Gancaoling in the Pearl River Delta of Guangdong documented the co-cultivation of rice and foxtail millet (Setaria italica) around 4800-4600 cal. years BP (Deng et al., 2022a). In the inland terrain of southwest China, rice and millet mixed cropping emerged in Guijiabao in southern Sichuan about 5000 cal. years BP (Zhao and Chen, 2011; Huan et al., 2022). The earliest crop package comprising foxtail millet, broomcorn millet, and soybean began around 4650 cal. years BP in Baiyangcun in northwestern Yunnan (Dal Martello et al., 2018; Dal Martello, 2022). Until now, the southernmost Neolithic site with evidence of rice-millet cultivation in Yunnan was from Shifodong, where rice and foxtail millet were retrieved from a context dated to ca. 3400-3100 years BP (Zhao, 2010; Dal Martello, 2022) (Figure 1).




Figure 1 | Locations of the three major studied sites (shown in red triangles) and other major sites mentioned in the text (shown in black dots).



In Mainland Southeast Asia, evidence related to rice comes from a few Phung Nguyen sites in northern Vietnam (Nguyen, 1998) and much farther south in the Mekong Delta region, such as at An Son and Loc Giang, dating back to 4200-3150 cal. years BP (Bellwood et al., 2011; Barron et al., 2017). Additional early rice remains were recovered from the Neolithic coastal site of Khok Phanom Di in Thailand, dated 4000-3500 cal. years BP (Thompson, 1996; Higham and Thosarat, 2005; Higham et al., 2011). So far, the earliest evidence of foxtail millet has been from Non Pa Wai in the Khao Wong Prachan Valley, where a single foxtail millet grain was dated to 4470-4200 cal. years BP, but rice was dated no earlier than 3000 BP at this same site (Weber et al., 2010). Before this study, Rach Nui (3500-3300 cal. years BP) in coastal southern Vietnam was the only known site with rice and foxtail millet, both from the same cultural layer. However, these crops were more likely acquired through trade or exchange from other farming societies (Castillo et al., 2018) (Figure 1 and Table 1).


Table 1 | Major sites with evidence of rice and millets (mark as ×) in Mainland Southeast Asia during the Neolithic period.



Overall, uncertainty has surrounded whether rice and millet domesticates had appeared in Mainland Southeast Asia simultaneously in the first place. The archaeobotanical work has been insufficient to reconstruct the initial dispersal of the timing, route(s), and the combination of crops for early farming into Mainland Southeast Asia. Presumably, the spread of Neolithic farmers and their farming cultures from southern China to Mainland Southeast Asia occurred rapidly and through both inland river systems and coastal roads (Higham, 2017; Higham, 2019; Guedes et al., 2020; Deng et al., 2022a; Deng et al., 2022b). The northeastern regions of Mainland Southeast Asia, neighboring both inland and coastal southern China, must have been the first accommodation for the early farmers from the north. Therefore, the Red River floodplain and coastal areas around the Gulf of Tonkin are crucial for understanding the dispersal of early rice and millet and their domesticators into Mainland Southeast Asia.

In northern Vietnam, despite some sporadic reports of pottery impressions from rice husks, or a few carbonized rice (Nguyen, 1998; Nguyen, 2013; Nguyen, 2017), the systematic archaeobotanical work to authenticate the evidence of agriculture in this region has been somewhat limited. In this regard, two of the most representative Neolithic groups, Trang Kenh and Ha Long, both coexisted around 4000 cal. years BP in the northeastern coast of Vietnam, and therefore they are ideal for investigating the emergence of rice and millet cultivation in Mainland Southeast Asia. This study investigates micro-plant remains (phytolith and starch) extracted from stone tools excavated from three sites belonging to these two cultural groups in northeastern Vietnam. The new data obtained from this study are incorporated with previously collected data from the Cai Beo site on Cat Bat Island (Wang et al., 2022). All four sites discussed in this study were excavated when the floatation method for collecting macro-plant remains was not yet applied in Vietnam.



Site description

About 4000 years ago, two cultural groups, Ha Long and Trang Kenh, coexisted around the Gulf of Tonkin. The Ha Long group (ca. 4500-3000 cal. years BP) was a developed maritime-oriented society, supported mainly by fishing and hunting, augmented by perhaps a small amount of farming (Nguyen, 2019). Many archaeologists have suggested that a deep root of the Ha Long group can be traced back to the earlier Cai Beo group in the same region, which had developed from the Late Pleistocene Hoabinhian-Bacsonian tradition (Nguyen et al., 2004; Nguyen, 2009). Overlaping in time with the Ha Long group, the Trang Kenh group (ca. 4000-3200 cal. years BP) contains strong characteristics of the Neolithic Phung Nguyen (ca. 4100-3200 cal. years BP), often regarded as the most thriving early farming society in northern Vietnam that likely could be traced back to a southern China origin (Figure 2).




Figure 2 | Archaeological chronology and cultural sequence in Ha Long Bay, noting relations with southern China (interactions between two cultural groups: shown in black dotted-line arrows).



While the Trang Kenh group concentrated in the Red River Delta in Hai Phong Municipality, the Ha Long group ranged through the coastal areas and nearby islands of the Ha Long Bay. These two groups, defined by the Vietnamese archaeologists, show differences in many ways, such as their artifact assemblages, burial practices, and other cultural aspects. For example, most of the human burials of the Ha Long group are in the flexed position, the typical practice of hunter-gatherers in Vietnam since the Hoabinhian cultural phase more than 10,000 years ago (Higham, 2013; Hung et al., 2017; Matsumura et al., 2019). Some Ha Long burials contain goods such as typical shouldered axes/adzes, pebble pointed tools, grinding stone "Ha Long Mark", bracelets with D/rectangular section and pottery. In contrast, the burial position of the Trang Kenh group is extended, like the cemeteries in early farming societies in southern China and Phung Nguyen sites. Moreover, these burials often contain grave goods such as pottery vessels, lithic tools, and shell or jade ornaments.

To collect the ancient micro-plant remains, this study analyses 20 stone tools excavated from two Ha Long cultural sites, Bai Ben and Bai Cat Don, and the representative Trang Kenh cultural group site, the Trang Kenh site itself.


Bai Ben site

Bai Ben site (N20°46’44”, E106°58’20”) is located in a present-day fishing port surrounded by limestone mountains on the west side of Cat Ba Island (Nguyen and Clarkson, 2013) (Figure 1). The site covers an area of 5000 m2 distributed along the main road of the island and the western seashore. An area of 142.5 m2 was excavated over two seasons in 1999 and 2001 (Pham, 2003). Excavations at Bai Ben consistently have uncovered a single cultural layer of about 80 cm in thickness. In addition, the site has yielded tens of thousands of drill points, cores, and flakes, suggesting it was a workshop specializing in drill point manufacture (Nguyen and Clarkson, 2013).

Six 14C dates obtained from mollusc shells and plant fragments in Bai Ben suggest an occupation at 4100-3100 cal. years BP (Nguyen and Tran, 2009; Nguyen and Clarkson, 2013) (Figure 3 and Table 2). Bai Ben has yielded ground shouldered and stepped or rectangular axes/adzes, sandstone saw blades, chert ground/flaked pointed tools, grinding stones, stone hammers, anvils, a stone spearhead, and a small number of ornaments including slate and nephrite beads and bracelet fragments (Nguyen and Clarkson, 2013). In addition, earthenware vessels and fragments with rectangular everted rims, curved rims with outer roofs, stamped, incised with “S” shape, and short parallel line motifs, present the typical pottery characteristics of the Ha Long group.




Figure 3 | Radiocarbon dates form Bai Ben (A) and Trang Kenh (B). All dates were calibrated with OxCal v4.4.2 (Ramsey, 2009) and presented at 2σ probability, using details as reported in Table 2.




Table 2 | Radiocarbon dates from Bai Ben and Trang Kenh.



Vietnamese archaeologists generally regard Bai Ben as a late Ha Long cultural site. However, much evidence from the site has reflected the cultural interactions between Ha Long and other groups, such as Phung Nguyen in the Red (Hong), Da, Lo, and Day River, Hoa Loc in northwestern Thanh Hoa Province, and some contemporary workshop sites like Trang Kenh in Hai Phong (Nguyen, 2001; Pham, 2003). Five stone tools from Bai Ben are analyzed during this study (Figures 4A–E and Table 3).




Figure 4 | Stone tools from Bai Ben (A–E), Bai Cat Don (F–O), and Trang Kenh (P–T) for this study; (A, F–K, P) Grinding stone, (B, C, L, Q, R) Muller/Pounder, (D, O) Grinding stone tools “Ha Long Mark”, (E) Short axe, (M) Pitted pebble, (N) Shouldered axe fragment, (S) Chopper, (T) Adze.




Table 3 | Identification of starch grains recovered from the studied sites.





Bai Cat Don site

Bai Cat Don site (N20°44’43.40”, E106°59’33.74”) is a residential site located in the southwestern corner of Cat Ba Island in Ha Long Bay, about 4 km from Bai Ben (Bui, 2016) (Figure 1). Two excavations in 2002 and 2013 uncovered a total 78 m2 (Nguyen et al., 2005; Bui, 2016). The cultural layer of Bai Cat Don is about 80-100 cm. Like Bai Ben, Bai Cat Don is regarded as a late Ha Long site. The typical characteristics of the stone artifacts are grinding stones with multiple grooves often named as the “Ha Long Mark”, small shouldered axe/adzes, and pebble pointed tools. The pottery artifacts are broken pieces of containers and cooking utensils such as pots, low-bottomed bowls, standard bowls, and others. Similar to Bai Ben pottery, they are spongy because of shell fragments that were mixed into the clay matrix. In addition, some potsherds with reddish-brown color, decorated with incised curves combined with seashell imprinted edges, are typical in Hoa Loc cultural sites from Thanh Hoa Province (Bui, 2016).

So far, no radiocarbon dates are available from the Bai Cat Don site. During this study, we intended to carbon-14 date samples from Bai Ben and Bai Cat Don, but no dateable materials were available in the curation storage. Still, the similar stone tools and ceramic wares in both the manufacturing materials and stylistic output indicate a context equivalent with Bai Ben and belonging to the late Ha Long cultural phase (Bui, 2016).

This archaeobotanical study includes ten stone tools collected from 2003 and 2013 excavations at Bai Cat Don. They are six grinding stones, one muller/pounder, one pitted stone, a one-shouldered axe, and one “Ha Long Mark” artifact (Figures 4F–O and Table 3).



Trang Kenh site

Trang Kenh site (N20°57’10”, E106°45’10’’) is located near the estuary of the Bach Dang River in Hai Phong City (Figure 1). It was discovered in 1968 and excavated five times, opening a total of 380.5 m2 (Nguyen, 2005a). The cultural layer of the site is between 1.8 m and 2.1 m thick, with abundant stone artifacts, pottery, mollusk shells, animal bones, and teeth. More than 19 14C dates were obtained from the Trang Kenh site (Nguyen, 1996; Tang and Nguyen, 2003; Nguyen, 2005a), and they produce results generally in the range of 4000-3000 cal. years BP (Figure 3 and Table 2).

Many nephrite gouges and adzes were found at Trang Kenh. The most remarkable findings here were the thousands of pieces of debris and debitage from the manufacture of nephrite (jade) ornaments such as bracelets, small rings, and beads, and the associated crafting tools such as saws, chisels, and jasper drills (Figure 5). Trang Kenh is the largest nephrite workshop site known so far in Southeast Asia. It was a specialized manufacturing settlement for making ornaments for exchange with other communities of the Phung Nguyen and Dong Dau groups in the Red River Valley.




Figure 5 | Jade ornaments excavated from the Trang Kenh jade workshop.



Burial features frequently contained finished jade ornaments (Nguyen, 1996). Three burials were reported in the 1969-1970 excavation, where one deceased was in an extended, supine position with the head pointing to the north, overlaying a pavement of pebbles in the bottom, and one grave included an offering of a trapezoidal adze (Hoang et al., 2005). In addition, many small pits were discovered on habitation living surfaces, and some showed traces of probable post holes related to the ancient house structures (Tang and Nguyen, 2003). Five stone tools from Trang Kenh were included in this study (Figures 4P–T and Table 3).




Materials and methods: Micro-plant extraction and identification

All the stone tools analyzed in this study had been excavated by Kim Dung Nguyen and colleagues, and the objects have been stored in the Hai Phong Museum and Institute of Archaeology (VASS), Hanoi. As the major goal was to understand their staple food, grinding stone tools were preferred for this study, but other types of lithic tools were tested to investigate their functions. Sediments adhering to the stone tools and dust from the storerooms were collected as comparative samples to exclude the possibility of modern contamination.

The sediments and dust on each tool’s surface first were rinsed with distilled water and then cleaned in an ultrasonic bath with distilled water for five minutes to recover the residues. Next, the ultrasound mixtures were transferred into test tubes and processed to recover the micro plant remains, including starches and phytoliths, in the laboratory at the Department of Archaeology and Natural History, the Australian National University.

The extraction process of starches and phytoliths followed the procedures of previous studies (Lu et al., 2002; Yang et al., 2013; Pearsall, 2016; Deng et al., 2017; Wang et al., 2022). First, solutions of 6% H2O2 and 10% HCl were used separately to remove the organic matter and carbonate. Second, the starch grains were isolated with LST (lithium heteropolytungstate) heavy liquid (density 1.9 g/cm3), then mounted on a slide in a solution of 10% glycerine and 90% distilled water, and then next sealed with nail polish. Third, the residues were rinsed three times with distilled water, and then the phytoliths were separated with heavy liquid (density 2.35 g/cm3). After these steps, the samples were rinsed twice with distilled water and then once more with 30% ethyl alcohol. At this point, the phytoliths were mounted on the slide with Canada Balsam. All observed starch grains and phytoliths on each slide (100%) were counted, measured, and recorded under the optical microscope (Machine model: Olympus BX-51) at 400× magnification.

The identification of ancient starches was based on the modern reference collections from Vietnam (collected by the authors of this study), the database (http://cmsgd.igsnrr.ac.cn/) built by the Institute of Geographic Sciences and Natural Resources Research (IGSNRR) that contains more than 200 species of plants, particularly the rich morphological data of cereal crops and their wild relatives (Yang et al., 2018), and other related published studies from tropical and subtropical areas of Asia and the Pacific (Fullagar et al., 2006; Lentfer, 2009; Yang et al., 2013; Yao, 2016; Li, 2020). However, the observed phytoliths were very few and could not be classified taxonomically into any species. No starch was recovered from comparative samples that were collected for excluding possible modern contamination.



Results


Bai Ben site

A total of 56 starch grains were recovered from the Bai Ben lithic tools (N=5), of which five starch grains could not be classified due to the lack of identifiable features. More than half of the other 51 starch grains were identified as edible Aroids (Table 3). They usually were round or sub-round in shape with multiple flat facets and centric hilum (Figures 6, Group 1A, B; 7A, B) (Table 4). The facet starch grains appear widely in many plants with underground organs, so they are difficult to identify into species, especially when the number of recovered starches is small. However, integrated with the former large findings of these types of starches from the Cai Beo site (Wang et al., 2022), we can conclude that the inhabitants in Bai Ben inherited the tradition of extensive utilization of edible Aroids (Colocasia spp.; Alocasia spp.).




Figure 6 | Ancient starches recovered from residues on the stone tools (under polarized and brightfield light). Group 1 from Bai Ben site: (A, B) Type Ia, Colocasia spp./Alocasia spp., (C) Type IIa, Dioscorea alata, (D) Type IIb, Dioscorea spp., (E) Type III, Arenga sp., (F) Type IV, Zingiber sp., (G) Type V, Setaria italica,; Group 2 from Bai Cat Don site: (A) Type Ia, Colocasia spp./Alocasia spp., (B) Type Ib, Colocasia esculenta, (C) Type IIa, Dioscorea alata, (D) Type III, Arenga sp., (E) Type V, Setaria italica, (F) Type VI, Quercus sp., (G) Type VII, Vigna sp.; Group 3 from Trang Kenh site: (A) Type Ia, Colocasia spp./Alocasia spp., (B) Type IV, Zingiber sp., (C–E) Type V, Setaria italica, (F) Type VIII, Oryza sativa. Scale bar = 20μm.






Figure 7 | Modern starch references relevant to this study (under polarized and brightfield light). (A) Colocasia konishii, (B) Alocasia macrorrhizos, (C) Dioscorea esculenta, (D) Arenga pinnata, (E) Zingiber officinale, (F) Setaria italica, (G) Colocasia esculenta, (H) Quercus francheti, (I) Vigna umbellata, (J) Oryza sativa subsp. japonica. Scale bar = 20μm.




Table 4 | Morphology of starch grains from the studied sites.



Fourteen starch grains with oval or long oval shapes, highly eccentric hilum, and curved cross-arms shared similar morphological features with Dioscorea. Apart from three starch grains lacking the relative references to identify them into species, the other 11 starch grains, ranging from 12.05 to 38.48 μm in size, best matched with the features of the greater yam (Dioscorea alata) (Figures 6, Group 1C, D; 7C). Three starch grains from the palm (Arecaceae) were recovered; they were narrow, elongated ovoid in shape with extreme eccentric hilum, resembling those from Arenga sp. (Figures 6, Group 1E; 7D). One starch grain, 10.3 μm in length and 13.3 μm in width, ovoid in shape, was from ginger (Zingiber sp.) (Figures 6, Group 1F; 7E).

Four starch grains with polygonal shapes exhibited characteristics of millets; they were classified into foxtail millets for more comparable morphological features (Figures 6, Group 1G; 7F).



Bai Cat Don site

Among the 74 starch grains recovered from the stone tools (N=10) of Bai Cat Don, 61 starches could be categorized into six groups, and the remaining 13 starch grains were unidentified. The starches from Aroids accounted for 56% of the total findings (Table 3). This result is consistent with our recent study from the Cai Beo site, where the edible Aroids accounted for half of the total findings (Wang et al., 2022). Thirty-two faceted round or sub-ground starch grains were from corms of Colocasia or Alocasia (Figures 6, Group 2A; 7A, B).

Compared to our modern references, two clusters of compound grains with the most lengths smaller than 5 μm and faint cross arms under polarized light were identified as taro (Colocasia esculenta) (Figures 6, Group 2B; 7G). Eight ovoid starch grains with eccentric hilum were from Dioscorea, among which six were the best match with Dioscorea alata (Figures 6, Group 2C; 7C). Four starch grains with elongated ovoid shapes were identified as Arenga sp. (Figures 6, Group 2D; 7D).

Starch grains from acorns were rare, represented in merely two granules, 12.95 μm and 11.16 μm in size, and they shared the typical physical features with Quercus sp. (Figures 6, Group 2E; 7H).

Eleven starch grains with polygonal or spherical shape and centric hilum, ranging from 9.17 to 18.12 μm in size, sometimes with linear fissures, exhibited the distinctive features of foxtail millet (Setaria italica) (Figures 6, Group 2F; 7F).

Two starch grains, 29.68 μm and 34.66 μm in length with an ovoid shape and small linear fissures in the hilum part, came from Vigna sp. (Figures 6, Group 2G; 7I), found on the shouldered axe in Bai Cat Don.



Trang Kenh site

In the Trang Kenh site, 38 starch grains were recovered from lithic tools (N=5), among which the cereal crops seemed quite crucial as more than half of the total starch grains were identified as millets and rice (Table 3). On the other hand, except for 14 starch grains from edible Aroids (Colocasia spp.; Alocasia spp.) (Figures 6, Group 3A; 7A, B), no starch was found from yams, acorns, or palms at Trang Kenh, reflecting a different plant consumption mode apart from the other two sites mentioned above.

One starch grain from Ginger (Zingiber sp.) is 16.26 μm in size with a nearly round shape, extremely eccentric, and protruding hilum (Figures 6, Group 3B; 7E).

Sixteen starch grains with polygonal shapes fall into sizes between 9.09 μm and 16.52 μm; their morphologies were most comparable with foxtail millet (S. italica) after being compared with modern millets and their wild relatives (Figures 6, Group 3C; 7F) (Yang et al., 2012). Some parts of them showed damaged features after grinding, such as rough surface, hollowed hilum, widened and weakened extinction cross (Figures 6, Group 3D, E).

Notably, two groups of compound starch grains that shared the typical features of rice (Oryza sativa) (Figures 6, Group 3F; 7J) were discovered on one grinding stone and one muller, reflecting the combination of use as a toolset for processing cereals. The individual starch grains of rice are difficult to identify due to their small sizes and lack of unique attributes. However, when they occur in agglomerations, their unique morphological characteristics with a flat surface, tightly grown together, and clearly defined margin between particles confidently could distinguish rice from other plants (Yao, 2016; Li et al., 2019).




Discussion

Through this micro-botanical study, two modes of subsistence strategy were revealed in ancient Ha Long Bay, corresponding with the different cultural backgrounds in the mainland and offshore areas separately attributed to Ha Long and Trang Kenh cultural assemblages.

A wide range of plant resources was exploited by Bai Ben and Bai Cat Don residents on Cat Ba Island, including taros, yams, acorns, palm, ginger, and beans, as well as foxtail millet, suggesting that the site’s occupants relied heavily on wild plants or horticulture while using limited amounts of rice and millet products. They may have practiced cropping on a small scale or managed exchange activities with neighboring farming groups, as some archaeologists suspected previously (Nguyen, 2009; Nguyen, 2019). The type of plant remains found in Trang Kenh differed from the other two Ha Long cultural sites mentioned above, revealing a food production mode characterized by rice and foxtail millet.


Indigenous hunter-gatherers and their tropical plants

The underground storage organs (U.S.O.s) from several species of edible aroids (Colocasia spp.; Alocasia spp.) and yams (Dioscorea spp.) were crucial food resources for inhabitants in Ha Long Bay, which could trace back to Cai Beo culture phase about 7000-5000 years BP (Wang et al., 2022). This study confirms that the U.S.O.s remained significant until the late Ha Long phase 3000 years ago. The long-settled hunter-gatherers at Ha Long Bay were highly likely equipped with knowledge of managing and processing U.S.O.s and developed their vegeculture coexisting with cereal agriculture.

The cultural use of aroids and yams extends deep into the local traditions of Southeast Asia and the Pacific regions, and aroids are regarded as fundamental in supporting the development of pre-farming societies (Barker, 2005; Barton and Paz, 2007). Even today, taro (C. esculenta) and greater yam (D. alata) are cultivated as food crops, while wild yams and Alocasia are used as famine foods throughout Southeast Asia (Matthews, 2010; Rugchati and Thanacharoenchanaphas, 2010; Rashmi et al., 2018; Saranraj et al., 2019). Additionally, other kinds of U.S.O.s, such as Zingiber sp., traditionally have been exploited or managed by local residents for thousands of years.

The starches from the pith of Arenga sp. in Bai Cat Don and Bai Ben indicate the continued exploitation or management of palms by the Neolithic inhabitants on Cat Ba Island. Palms were ubiquitous in southern China and Southeast Asia Neolithic sites that have shown their distinctive phytolith and starch morphologies (Yang et al., 2013; Deng et al., 2020; Zhang et al., 2021). In our previous study, starch grains and phytoliths from Palmae were recovered from Cai Beo (Wang et al., 2022). The representative research at Xincun (ca. 5300 through 4420 cal. years BP) on the Guangdong coast confirmed that sago-type palms (Caryota spp.; Arenga sp.) were an important food plant before rice in southern China (Yang et al., 2013). However, few species in the genus Arenga have been recognized as domesticated from the wild (Pillai et al., 2020). Sugar palm (Arenga pinnata) is one of several species of palms culturally crucial to the ethnic groups of Southeast Asia (Sujarwo and Keim, 2021). In Vietnam, sugar palm is grown on the highlands in the central or northern part and utilized for many purposes, especially for making a unique wine from its sap, sometimes called “the Wine of the God” (Dang and Hoang, 2012; Nguyen et al., 2014).

The exploitation of tree nuts, such as Quercus, Canarium, and Castanopsis was common practice throughout Southeast Asia and southern China from late Pleistocene to late Holocene, supported by pollen, macro-botanical findings, and starch grain analysis (Nguyen, 2008; Nguyen, 2014; Yang et al., 2017; Deng et al., 2019; Li, 2020). Rich Fagaceae were identified in Cai Beo (Wang et al., 2022). However, only two starches from Quercus were recovered in Bai Cat Don, indicating the possible reduced exploitation of acorns in Ha Long Bay after 4500-4000 years BP.

Acorn is a time-consuming, high-cost, and low-return economic resource that would have entered into the diet only when people are forced to expand their diet breadth (Tushingham and Bettinger, 2013). Therefore, the utilization of acorns may have lost prominence when more edible cereal crops were added to hunter-gatherer diets during the early Ha Long cultural phase around 4500 years BP, as observed in this study. The same shift is reported in the Pearl River Delta of coastal southern China, where acorns were consumed in large quantities from 6000 through 4500 years BP, but then decreased after the arrival of rice agriculture (Li, 2020). Moreover, the remarkable decline of arboreal pollen and increases in Poaceae pollen were recorded at around 4300 to 3300 cal. years BP in the Pearl River Delta (Ma et al., 2020).



Farmers brought the new plants and new recipes

Millets usually have been absent in the early farming sites in Mainland Southeast Asia (Figure 8). In the past decade, the ancient starch grain analysis based on detailed comparative morphological studies on modern millets and their wild relatives has been applied effectively to reconstruct the origins and domestication process of millets in northern China (Yang et al., 2012). A high ubiquity of starch granules from foxtail millets in studied sites showed the superiority of ancient starch grain analysis to recover millet agriculture. This study captures the evidence of foxtail millet in northern Vietnam, revealing an early introduction of foxtail millet highly likely accompanied by rice.




Figure 8 | Major sites with the evidence of rice and millets in Mainland Southeast Asia during the Neolithic period. 1. Dong Dau, 2. Thanh Den, 3. Xuan Kieu, 4. Tu Son, 5, Trang Kenh, 6. Bai Ben, 7. Bai Cat Don, 8. Cai Beo, 9. Bai Cu, 10. Bai Man, 11. Thach Lac, 12. An Son, 13. Loc Giang, 14. Rach Nui, 15. Krek 52/62, 16. Samrong Sen, 17. Mlu Prei, 18. Banyan Valley cave, 19. Ban Chiang, 20. Non Nok Tha, 21. Khok Charoen, 22. Ban Lum Khao, 23-25. Non Pa Wai, Non Mak La, Ni Kham Haeng (labeled as millet sites, because no rice was found in the Neolithic period of these three sites), 26. Tha Kae, 27. Khok Phanom Di (see details in Table 1).



Foxtail millet (S. italica) has been found at all three study sites, and Trang Kenh has yielded both foxtail millet and rice, showing the earliest multi-cropping in Mainland Southeast Asia. During this time, with the sea level falling near the present level around 4000 years BP, flatlands with fresh water supply appeared in the upper streams of the coastal basins in northern Vietnam (Ma et al., 2020), providing suitable natural conditions for initial irrigation and agricultural production. As a result, human settlement emerged along the natural levees of the Red River Delta (Funabiki et al., 2012), and the Phung Nguyen group began to develop into a flourishing farming society.

No clear evidence of broomcorn millet has yet been found in northeastern Vietnam; a similar multi-cropping pattern and lacking broomcorn millet have been reported on the Guangdong coast. Broomcorn millet has been discovered more frequently in southwest China and central Thailand (Weber et al., 2010; Dal Martello, 2022) (Figure 8). Apparently one problem was due to the limited archaeobotanical work undertaken in northern Vietnam, also noting the limited numbers of samples analyzed in this study. Additionally, according to a modern experiment on the carbonized process of millets, broomcorn millet shows a lower probability of carbonization than seen in foxtail millet in archaeological contexts as its carbonization temperature range is smaller than foxtail millet (Wang and Lu, 2020). Currently, we cannot totally exclude the possibility that the Neolithic farmers in northern Vietnam once may have cultivated a certain amount of broomcorn millet, yet this issue needs further research.

As mentioned, individual starch grains from rice are small and not easy to identify, but the confidence is much higher when they are found in sheets or clusters. The starch grains from rice were documented successfully in many sites dating from 9000 to 7000 cal. years BP in China’s Huai River and Yangtze River region (Yang and Jiang, 2010; Yao et al., 2016; Li et al., 2019; Yang et al., 2021). The numbers of rice starches acquired from Trang Kenh were less than foxtail millet, but this finding does not necessarily indicate that foxtail millet was more important than rice for the ancient Trang Kenh villagers. A dry-grinding simulation experimental study (Li et al., 2020) showed that only a few rice starch grains tend to survive, but foxtail millet could be preserved better under the same dry-grinding conditions. The different preservation bias carbonized cereals may lead to the overrepresentation of rice in Mainland Southeast Asia; carbonized rice seems to be preserved better than carbonized millet (Castillo, 2019). Further study is needed in collaboration with diverse archaeobotanical methods to refine interpretations of these findings.

The presence of starch grains from Vigna sp. at Bai Cat Don suggests the region-wide behavior of exploiting beans in Neolithic southern China and Mainland Southeast Asia. For instance, rice bean (Vigna umbellata) and azuki bean (Vigna angularis) are locally essential legumes that have been domesticated in Southeast and East Asia (Isemura et al., 2011). The macro-remains of Vigna spp. were recorded from Baiyangcun and Baodun in southwest China, dating to 5000-4000 cal. years BP (Guedes et al., 2013; Dal Martello et al., 2018), and starches from Kuahuqiao, Xiaohuangshan in the lower Yangtze River basin were dated to 9000-7000 cal. years BP (Yang and Jiang, 2010; Yao et al., 2016). In northern Vietnam, before this study, beans were reported in the Phung Nguyen cultural layer of the Dong Dau site (Nguyen, 2013).

Although the bean starch from Bai Cat Don is too little to determine species, two possibilities are proposed with the newest genetic and archaeobotanical study. First, they were collected locally, noting that the wild progenitors of Vigna umbellata have been found in the most extraordinary genetic diversity in Mainland Southeast Asia (Isemura et al., 2011; Castillo et al., 2016). The other possibility is that they may have arrived in northern Vietnam with the spread of agriculturalists, noting that a genetic study discovered azuki bean in mountainous north Vietnam has been most closely related to specimens in the middle Yangtze River basin and had been cultivated in isolation for a long time (Xu et al., 2008; Leipe et al., 2022).



Spatial-tempo transition of subsistence patterns along with cultural transformation

The plant consumption history from 7000 through 3000 years BP in Ha Long Bay could be reconstructed by integrating our previous findings (Wang et al., 2022) and the new information from this study. For the earlier stage, no dramatic difference was noticed in the use of plant species and quantities from the Cai Beo cultural phase (ca. 7000-4500 cal. years BP) to the Early Ha Long cultural phase (ca. 4500-4000 cal. years BP), indicating the cultural continuity of plant utilization mode; the Cai Beo residents on the Cat Bat Island relied heavily on aroids, yams, and acorns (Figure 9). However, as early as 4500-4000 cal. years BP, the appearance of rice phytoliths in the Ha Long phase at the Cai Beo site, implies the first farming expansion into Ha Long Bay (Wang et al., 2022). Furthermore, ancient DNA analysis of the Hon Hai Co Tien human remains of the Ha Long phase has indicated an initial gene admixture of East Asians with the Hoabinhian hunter-gatherers at 4381-3926 cal. years BP (McColl et al., 2018).




Figure 9 | The proportions of different plants recovered from the four studied sites (multicolor histogram correlate to the left coordinate axis), and the average number of starch grains recovered (gray dots and solid line correlate to the right coordinate axis). The average number of starch grains found on each stone tool from the Cai Beo and Early Ha Long phases was 100, but the number dropped in the Late Ha Long and Phung Nguyen phases to below 10 grains on each tool. Clearly, the numbers of rice and millet increased through time.



As presented in this study, the transition of subsistence strategies became more apparent in the Late Ha Long culture around 4000 years BP. The average starch grains recovered on stone tools from Bai Ben and Bai Cat Don experienced a sharp decrease compared with the preceding phases in the Cai Beo site (Figure 9). The number of grinding stone tools from this period gradually declined, representing another cultural indicator of a possible subsistence transition. Although the diversity of utilized plant species became less (Wang et al., 2022), the persistent group (the late Ha Long group) on Cat Ba Island continued to exploit the same plant resources, particularly involving extensive consumption of aroids and yams. The diverse ecosystems and landscapes on Cat Ba Island support high species biodiversity (Van et al., 2010), providing the advantage of rich territorial animal and plant resources from inland areas, while continuing to accommodate the ancient Ha Long people living on their traditional lifestyles of mixed hunting, fishing, and gathering economies (Nguyen, 2019; Nguyen, 2020).

In a broader context in prehistoric southern China and Southeast Asia, hunting and gathering often continued as essential subsistence activities even after the arrival of animal and plant domesticates (Castillo et al., 2018; Li, 2020; Deng et al., 2022a), and the expansion of early farmers did not lead to the total extinction of the long-established hunter-gatherers in Southeast Asia (Higham et al., 2011). For example, even after several hundred years of the introduction of agriculture in the Mekong Delta region, hunting and foraging remained dominant at Rach Nui (Castillo et al., 2018), and this pattern contrasted in cultural materials with contemporary highly developed agriculture communities.

Given that the majority of Ha Long cultural inhabitants were descendants of indigenous hunter-gatherers and exhibited distinct cultural contexts with other farming groups in northern Vietnam, the foxtail millets discovered in Bai Ben and Bai Cat Don were perhaps acquired through exchanges or trades. As mentioned, from an archaeological perspective, the Ha Long group appears to have sustained contacts and exchanges with other groups, such as Phung Nguyen, Ha Giang, Mai Pha (Lang Son), Hoa Loc, and offshore islands along the South China Sea coast (Ha, 2005; Nguyen, 2005b; Nguyen, 2019). However, another possibility is that the people of Bai Ben and Bai Cat Don practiced a specific scale of millet farming on their own, as a stone knife-like fragment, typically used for crop harvesting, has been found at Ba Vung (Chen, 2007), one of the Ha Long cultural sites. This possibility can be explored through further research.

At Trang Kenh, which represented a typical Neolithic farming site with extensively worked jade remains, the discovered plant resources showed that people relied on cereal-based farming (Figure 9). This subsistence pattern coincided with a cultural background of agricultural communities that depended heavily on cultivated crops, which contrasts with hunter-gatherers that explored a broad range of wild plant resources. The limited discovered amount of rice and foxtail millet from Trang Kenh may have been due to stone artifacts from this site mainly related to nephrite ornaments manufacturing. The stone tools associated with daily life were far fewer. More findings undoubtedly will be recovered in the residential areas in future work.




Conclusion

The archaeobotanical studies from three Neolithic sites in Ha Long Bay reveal that rice and millets already existed in northern Vietnam around 4000 years BP. Based on the comparison of cultural assemblage and chronology in the study and neighboring regions, the multi-cropping likely can be traced back to 4500- 4000 years BP in the northern part of Mainland Southeast Asia. The coastline along the South China Sea probably contributed a role in expediting the early cultural interaction and rapid movement of farming groups into northern Vietnam. However, the cultural contacts with southwest China through inland routes are apparent as well, which could be exemplified by the discoveries of Yazhang jade blades and other identical pottery and lithic tools of southwest China characteristics from the Phung Nguyen cultural sites (Hoa, 1996). Thus, the cultural landscapes of northern Vietnam at 4000 years BP are diverse and complex.

Based on this study, we can reconstruct two plant-based subsistence patterns, which coexisted in northeastern Vietnam from 4000 through 3000 years ago, and two different cultural groups practiced them, perhaps with their own cultural and biological backgrounds (Lipson et al., 2018; McColl et al., 2018; Matsumura et al., 2019; Matsumura et al., 2021). Nevertheless, many questions remain unclear. Further research is needed in collaboration with a refined chronology, and macro-plant remains, in order to disclose more fully comprehensive information about plant-based subsistence strategies correlated with early Neolithic settlements in northern Vietnam.
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Nut fruits likely played a significant role before and during the origin of agriculture; however, relatively little research conducted on the morphological characteristics and statistical comparisons of nut fruit starch granule hinders the progress of paleodietary analysis of prehistorical society. For better species identification of starch granule remaining on tools discovered at archaeological sites, it is desirable to develop a more abundant morphology database of modern nut fruit starch granules as well as the establishment of relevant identification standards. Therefore, nuts from 40 species in four genera (Quercus, Lithocarpus, Castanea, and Castanopsis) of Fagaceae were collected from South China for statistical measurement and comparative analysis. Starch granules are highly accumulated in 34 species except for 6 species, whose shapes involve oval, subcircular, drop-shaped, rounded triangle, polygonal, spherical caps, and bell-shaped types, or a combination of several types, and the average length is between 10 and 20 μm. According to research on Quercus phylogeny relationships, it was found that the species in the same infragenious section produce similar morphological characteristics of starch granules. The result was applied in the identification of starch granules extracted from stone tools from the 20 to 10 ka cultural layer of Xiaodong Rockshelter, and some starch granules can be recognized to species level, revealing that nuts from Quercus and Lithocarpus were gathered and exploited by ancient people. This expansion of modern starch presentation and comparison of nuts helps to improve the accuracy of the identification of ancient starch and deepen the understanding of plant utilization of ancient humans.
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1 Introduction

The utilization of plants and animals is the foundation of livelihood and development of ancient human society, learning which can assist us in comprehending the history of human civilization. Domestication and the origin of agriculture furnished a physical foundation in demographic development and dispersal (Liu and Chen, 2012). Currently, the prevailing opinion is that North China is the original region of rain-fed agriculture, with foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) as major crops (Lu et al., 2009; Zhang et al., 2011a; Liu et al., 2011; Yang et al., 2012a; Yang et al., 2012b; Zhao, 2014; Yang et al., 2015; Liu et al., 2015), and the Yangtze River valley is another center of agricultural origin, represented by the cultivation of rice (Bai and Su, 1994; Zhao, 1998; Liu et al., 2007; Jones and Liu, 2009; Huan et al., 2014; Wu et al., 2014; Tao, 2016; Zhao, 2019; Zhao, 2020). Combined with international archaeological and anthropological research data (Anderson, 1980; Mason, 1992; Mason, 1996; Bettinger et al., 1997; Haslam, 2004; Bellwood, 2005), Liu has speculated that acorns may additionally have been a major source of starchy food in many areas prior to the development of China’s prehistory cereal agriculture in the Late and Middle Neolithic (Liu, 2008; Liu, 2010). The main function of Chinese grinding stone tools was to process nuts such as acorns rather than grains (Zhao, 2006; Cui, 2018), and the gathering, processing, and consumption of nuts (especially acorns) contributed to the settlement of human society (Sun et al., 1981; Wang, 2006; Jiang, 2007; Yang and Jiang, 2010), while the manufacturing of cultivated rice and foxtail millet took a secondary position for a long time.

Analyzing the microfossils remaining on the giant quantity of stone tools and pottery excavated from the site permits us to study ancient plant utilization. The plant microfossils primarily include pollen, phytolith, and starch granule. Pollen is solely recognized to the genera level, with an ambiguous indication of human utilization on plant sources; phytoliths are effective in determining particular species such as Poaceae; however, their indicator value for human utilization on woody plants is unclear (Wang and Lü, 1993; Hodson et al., 2005; Ge et al., 2020). In contrast, the richness of starch granule in plant fruits and root tubers, their long-term maintenance in archaeological remains and strata, and the variation in morphological characteristics of different species and genera provide potentially clear indications of human consumption of certain plant resources (Burrell, 2003).

The starch granule morphology varies among different genera (Yang et al., 2006). Starch is a long-chain compound formed by glucose molecules and is stored in organs such as roots, stems, and seeds of plants in the form of starch granule. The formation of starch granule starts at a point called the hilum with additional layers laid down (Tester, 1997). The size of starch granule generally varies from approximately 1 micron to 100 microns (Sivak and Preiss, 1998), and an extinction cross can be viewed with polarized light (Sterling, 1984; Dziezak, 1988; Yiu, 1993). Starch granules are classified as simple, compound, or semi-compound depending on how they are formed in the amyloplast (Banks and Greenwood, 1975). Therefore, according to the morphological characteristics of starch granules, they can be classified to determine plant genera and species.

The method of starch granule analysis has been widely applied to studies on the origin and spread of crops, human utilization on plants, and the functional analysis of stone tools in the Americas, Australia, and East and West Asia (Fullagar, 1998; Piperno and Holst, 1998; Piperno et al., 2000; Pearsall et al., 2004; Piperno et al., 2004; Torrence and Barton, 2006; Perry et al., 2007; Li et al., 2010; Zhang et al., 2011b; Hart, 2014; Lü et al., 2014; Ma et al., 2014; Hardy et al., 2016; García-Granero et al., 2017; Wang et al., 2017; Wang et al., 2019). Starch granule analysis of the grooved basin from the Lingjiatan site, Hanshan County, Anhui Province (Yang et al., 2009b), and of grinding stone tools at the Shangzhai site, Beijing (Sun et al., 2019), revealed that the ancient humans had consciously exploited acorns.

Acorns refer to nuts of the Fagaceae family that can be exploited except for chestnut, which is widely cultivated. Fagaceae plants are mainly found in the tropics and subtropics of the Northern Hemisphere (Hu et al., 2000). The acorn is highly adaptable, with a broad distribution in China, where the annual production is estimated at 6–7 billion kg (Xie and Xie, 2002). Meanwhile, acorns are rich in nutrients, including starch, tannin, protein, oil, amino acids, and minerals (Ao et al., 1998). Acorns are suitable for eating after desiccation and can be used in brewing (Hou and Wang, 1996), textiles, and so on (Du and Li, 1996; He et al., 2003).

However, studies of the starch granule morphology of modern nuts lack detailed and clear identification for archaeological research (Xu and Gao, 2004). Chinese scholars have identified starch granule from several genera of Fagaceae in northern China (Yang et al., 2009a), but the starch statistics of edible species from South China, where plant resources are rich, are still desired, which significantly hinders the study of ancient plant utilization in the region. In this paper, nuts of 40 species of Fagaceae from the southern part of China were collected for the presentation and comparison of starch granule morphological characteristics and statistical analysis, providing a reliable identification key for starch granule extracted from archaeological sites and thus revealing the use of plant resources by ancient people in South China.



2 Materials and methods


2.1 Modern starch reference collections

Forty species specimens of Quercus, Lithocarpus, Castanea, and Castanopsis were primarily collected during the fruit maturation period in September or October in 2020–2021, ranging from Yunnan, Hainan, Guangdong, Guangxi, Jiangxi Province, and Tibet Autonomous Regions, China (Figure 1), involving evergreen broad-leaved forest, tropical rainforest, hillside woodland, and woodland. The detailed collection information is summarized in Supplementary Table S1.




Figure 1 | Sampling spots of specimens used in this study (1: Quercus kiukiangensis; 2: Quercus lamellosa; 3: Lithocarpus dealbatus; 4: Quercus schottkyana, Quercus variabilis, Quercus serrata, Quercus aliena, Lithocarpus elizabethiae, Castanea seguinii, Castanopsis orthacantha; 5: Lithocarpus craibianus; 6: Quercus longispica; 7: Quercus rex; 8: Lithocarpus mairei; 9: Quercus franchetii; 10: Quercus cocciferoides; 11: Quercus argyrotricha; 12: Lithocarpus gymnocarpus; 13: Lithocarpus pachylepis; 14: Quercus augustinii, Lithocarpus xylocarpus; 15: Quercus marlipoensis, Lithocarpus balansae, Lithocarpus c.f. annamitorus, Lithocarpus bacgiangensis, Lithocarpus longinux, Lithocarpus sp.1; 16: Quercus patelliformis, Lithocarpus longipedicellatus; 17: Quercus fleuryi, Lithocarpus fenzelianus; 18: Lithocarpus sp.2; 19: Lithocarpus longanoides; 20: Quercus blakei, Quercus phanera, Quercus kouangsiensis; 21: Quercus litseoides, Quercus sessilifolia; 22: Lithocarpus skanianus; 23: Quercus gilva).





2.2 Method of extraction of starches from specimens

Starch granules of acorns were released by the following method: (1) the nut, in a small plastic sealed bag, was broken with a hammer; (2) small pieces of one broken nut were transported to new centrifugal tubes with pure water for 24 h of soaking; (3) after soaking, the samples were crushed with clean glass stirring rods to fully release the starches. Thirty microliters of the suspension was pipetted onto a clean slide and mounted in a 20%/80% glycerin/water solution. The prepared slides were observed under polarized and bright fields using a Leica DM4P microscope, and images were taken using the same system.

For statistical purposes, at least 100 granules of each specimen were recorded. Between 10 and 14 photographs were necessary to produce an adequate sample size when all granules on each photo were measured and characterized. We measured the longest orientable measurement through the hilum of each granule and recorded the following morphological features: granule shape; hilum position (eccentric/centric); the form of the fissure; presence or absence of lamellae; the form of the polarizing cross (cross-shaped/X-shaped) and surface texture (smooth/rough).



2.3 Electron microscopy scanning

The sample was dried at low temperature, tapped with a hammer to make a natural fracture, and attached to the sample desk with the section side down. Specimens were then gold coated, observed, and photographed by scanning electron microscopy (SEM) (Thermo Scientific Quattro S).



2.4 Image processing and data analysis

Photoshop 2021 software was used to choose individual granules, and their areas were determined. Then, the preprepared images were used for analysis in Image-Pro Plus as follows: granules were colored, and the image was made binary (starch white against black background). Then, each granule was counted, and the size was measured. Statistical analyses and plotting were performed using Origin Pro 2021.



2.5 Method of extraction and identification of starch granules from stone tools

Starch granules of stone tools were extracted by the following method: (1) brushing the stone tool to decontaminate; (2) using an ultrasonic machine with distilled water to remove the residues on the tool surface, the liquid was collected in a centrifuge tube; (3) adding 10 ml of deflocculant and shaking residue samples for 2 h to fully release the starches; and (4) residue samples were processed for starch extraction using the heavy liquid sodium polytungstate in a specific gravity of 1.8. Slides preparation and observation were the same with modern samples.

The morphological characteristics were observed and recorded, and the size of the ancient starch granule was measured. One-to-one comparisons with modern samples from the database were performed to identify the ancient starch grains. Reliable identification of archaeological starch grains is based on size, overall shape, position and form of the hilum, fissure, the presence or absence of lamellae, and the appearance and projection of the Maltese cross under a polarized microscope (Torrence et al., 2004; Wilson et al., 2010; Reichert, 1913).




3 Results

All 40 samples were observed, and each produced slides with over 100 granules. A detailed description of the morphological characteristics of the starch granule for each species is given in Table 1. We note that for six species, no identifiable starch granules were observed. However, according to the research, Quercus rex, Quercus patelliformis, and Lithocarpus gymnocarpus are rich in starch, particularly L. gymnocarpus, which has been found to have 66.12% starch in the kernel. It is not yet clear why there is no starch in these samples in our study. Further work is required to clarify this issue. Scanning electron micrographs of starch granule in nuts of 34 species are displayed in Figure 2.


Table 1 | Summary of starch granule dimensions and morphological features in 34 species from Fagaceae.






Figure 2 | Scanning electron micrographs of starch granule in nuts of 34 species from Fagaceae. 1, Quercus blakei; 2, Quercus argyrotricha; 3, Quercus augustinii; 4, Quercus litseoides; 5, Quercus kouangsiensis; 6, Quercus fleuryi; 7, Quercus lamellosa; 8, Quercus serrata; 9, Quercus sessilifolia; 10, Quercus gilva; 11, Lithocarpus elizabethiae; 12, Quercus kiukiangensis; 13, Quercus schottkyana; 14, Lithocarpus pachylepis; 15, Lithocarpus longipedicellatus; 16, Lithocarpus sp.; 17, Lithocarpus xylocarpus; 18, Lithocarpus fenzelianus; 19, Quercus longispica; 20, Quercus marlipoensis; 21, Castanea seguinii; 22, Quercus cocciferoides; 23, Quercus franchetii; 24, Quercus phanera; 25, Quercus aliena; 26, Quercus variabilis; 27, Lithocarpus craibianus; 28, Lithocarpus longanoides; 29, Lithocarpus mairei; 30, Lithocarpus balansae; 31, Castanopsis orthacantha; 32, Lithocarpus skanianus; 33, Lithocarpus dealbatus; 34, Lithocarpus longinux.




3.1 Starch granules from Quercus

The detailed description of starch morphological characteristics from 19 species of Quercus are as follows.


3.1.1 Starch granules from Quercus blakei

The starch granules from Quercus blakei in our study are divided into two groups according to shape. One is the oval type, which accounts for 61%, with a smooth surface and invisible lamellae, whose mean size is 19.90 ± 3.18 μm. The other is the bell-shaped type, which accounts for 39%, with a smooth surface and invisible lamellae, whose mean size is 12.88 ± 2.25 μm.



3.1.2 Starch granules from Quercus kouangsiensis

The starch granules from Quercus kouangsiensis in our study are divided into two groups according to shape. One is the oval type, which accounts for 78.3%, with some small hollows on the surface and invisible lamellae, whose mean size is 11.48 ± 2.19 μm. The other is the subcircular type, which accounts for 9%, with a smooth surface and invisible lamellae, whose mean size is 10.51 ± 2.19 μm. Meanwhile, compound granule accounts for 12.7%.



3.1.3 Starch granules from Quercus argyrotricha

The starch granules from Quercus argyrotricha in our study are divided into two groups according to shape. One is the oval type, which accounts for 53.7%, with some small hollows on the surface and invisible lamellae, whose mean size is 15.99 ± 3.04 μm. The other is the bell-shaped type, which accounts for 43%, with a smooth surface and invisible lamellae, whose mean size is 13.62 ± 2.58 μm. Meanwhile, compound granule accounts for 3.3%.



3.1.4 Starch granules from Quercus gilva

The starch granules from Quercus gilva in our study are divided into two groups according to shape. One is the subcircular type, which accounts for 31%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 12.59 ± 1.79 μm. The other is the bell-shaped type, which accounts for 32%, with a smooth surface and invisible lamellae, whose mean size is 12.76 ± 1.80 μm. Meanwhile, compound granule accounts for 37%.



3.1.5 Starch granules from Quercus kiukiangensis

The starch granules from Quercus kiukiangensis in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 34.9%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 13.23 ± 2.71 μm. The second group is the bell-shaped type, which accounts for 37.6%, with a smooth surface and invisible lamellae, whose mean size is 14.92 ± 3.12 μm. The last group is the oval type, which accounts for 27.5%, with a smooth surface, concave toward the distal end, and invisible lamellae, whose mean size is 22.06 ± 2.98 μm.



3.1.6 Starch granules from Quercus phanera

The starch granules from Quercus phanera in our study is the drop-shaped type with a smooth surface and invisible lamellae, whose mean size is 17.35 ± 5.96 μm.



3.1.7 Starch granules from Quercus schottkyana

The starch granules from Quercus schottkyana in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 32.9%, with a smooth surface and invisible lamellae, whose mean size is 10.27 ± 2.14 μm. The second group is the bell-shaped type, which accounts for 29.6%, with a smooth surface and invisible lamellae, whose mean size is 10.80 ± 2.56 μm. The last group is the oval type, which accounts for 37.5%, with some small hollows on the surface, concave toward the distal end, and invisible lamellae, whose mean size is 16.94 ± 2.21 μm.



3.1.8 Starch granules from Quercus sessilifolia

The starch granules from Quercus sessilifolia in our study is the oval type with some small hollows on the surface and invisible lamellae, whose mean size is 17.06 ± 4.46 μm.



3.1.9 Starch granules from Quercus augustinii

The starch granules from Quercus augustinii in our study are divided into two groups according to shape. One is the oval type, which accounts for 84.1%, with some small hollows on the surface and invisible lamellae, whose mean size is 14.37 ± 3.66 μm. The other is the bell-shaped type, which accounts for 15.9%, with smooth surface and invisible lamellae, whose mean size is 12.16 ± 1.83 μm.



3.1.10 Starch granules from Quercus litseoides

The starch granules from Quercus litseoides in our study are divided into two groups according to shape. One is the oval type, which accounts for 80.3%, with some small hollows on the surface and invisible lamellae, whose mean size is 11.85 ± 2.43 μm. The other is the bell-shaped type, which accounts for 15.9%, with a smooth surface and invisible lamellae, whose mean size is 11.69 ± 1.69 μm. Meanwhile, compound granule accounts for 3.8%.



3.1.11 Starch granules from Quercus lamellosa

The starch granules from Quercus lamellosa in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 47%, with a smooth surface and invisible lamellae, whose mean size is 10.07 ± 3.24 μm. The second group is the polygonal type, which accounts for 5%, with a rough surface and invisible lamellae, whose mean size is 14.83 ± 3.81 μm. The last group is the oval type, which accounts for 48%, with a smooth surface and invisible lamellae, and with very few granules bearing X-shaped fissures through the hila, whose mean size is 12.01 ± 3.78 μm. Meanwhile, compound granule accounts for 2%.



3.1.12 Starch granules from Quercus fleuryi

The starch granules from Quercus fleuryi in our study are divided into two groups according to shape. One is the oval type, which accounts for 59%, with a smooth surface and invisible lamellae, whose mean size is 8.79 ± 1.80 μm. The other is the subcircular type, which accounts for 41%, with a smooth surface and invisible lamellae, whose mean size is 7.36 ± 1.27 μm.



3.1.13 Starch granules from Quercus cocciferoides

The starch granules from Quercus cocciferoides in our study are divided into two groups according to shape. One is the drop-shaped type, which accounts for 78%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 20.83 ± 3.25 μm. The other is the subcircular type, which accounts for 22%, with a smooth surface and invisible lamellae, whose mean size is 10.89 ± 3.64 μm.



3.1.14 Starch granules from Quercus serrata

The starch granules from Quercus serrata in our study are divided into two groups according to shape. One is the oval type, which accounts for 57.6%, with a smooth surface, protruding toward the distal end, and invisible lamellae, whose mean size is 12.37 ± 2.31 μm. The other is the rounded triangle type, which accounts for 42.4%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 9.85 ± 2.39 μm.



3.1.15 Starch granules from Quercus aliena

The starch granules from Quercus aliena in our study are divided into two groups according to shape. One is the oval type, which accounts for 15%, with some small hollows on the surface and invisible lamellae, whose mean size is 10.99 ± 2.33 μm. The other is the rounded triangle type, which accounts for 85%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 10.8 ± 2.86 μm.



3.1.16 Starch granules from Quercus variabilis

The starch granules from Quercus variabilis in our study are divided into two groups according to shape. One is the rounded triangle type, which accounts for 64.8%, with a smooth surface, linear-shaped or Y-shaped fissures through the hila, and invisible lamellae, whose mean size is 12.59 ± 4.12 μm. The other is the drop-shaped type, which accounts for 35.2%, with a smooth surface, linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 12.95 ± 4.18 μm.



3.1.17 Starch granules from Quercus franchetii

The starch granules from Quercus franchetii in our study is the drop-shaped type with a smooth surface and invisible lamellae, whose mean size is 13.44 ± 4.00 μm.



3.1.18 Starch granules from Quercus longispica

The starch granules from Quercus longispica in our study are divided into five groups according to shape. The first group is the subcircular type, which accounts for 13%, with a smooth surface and invisible lamellae, whose mean size is 10.95 ± 2.93 μm. The second group is the polygonal type, which accounts for 15%, with a rough surface and invisible lamellae, whose mean size is 21.74 ± 4.74 μm. The third group is the oval type, which accounts for 23%, with a smooth surface and invisible lamellae, and with very few granules bearing X-shaped or linear-shaped fissures through the hila, whose mean size is 14.38 ± 3.16 μm. The fourth group is the drop-shaped type, which accounts for 35%, with a smooth surface and invisible lamellae, and with very few granules bearing V-shaped fissures through the hila, whose mean size is 18.13 ± 5.68 μm. The last group is the bell-shaped type, which accounts for 13%, with a smooth surface and invisible lamellae, whose mean size is 11.12 ± 3.57 μm. Meanwhile, compound granule accounts for 2%.



3.1.19 Starch granules from Quercus marlipoensis

The starch granules from Quercus marlipoensis in our study are divided into four groups according to shape. The first group is the subcircular type, which accounts for 17%, with a smooth surface and invisible lamellae, whose mean size is 7.55 ± 1.52 μm. The second group is the polygonal type, which accounts for 6%, with a rough surface and invisible lamellae, whose mean size is 11.89 ± 4.19 μm. The third group is the oval type, which accounts for 32%, with a smooth surface and invisible lamellae, whose mean size is 11.51 ± 4.12 μm. The last group is the drop-shaped type, which accounts for 45%, with a smooth surface and invisible lamellae, whose mean size is 15.32 ± 3.93 μm.




3.2 Starch granules from Lithocarpus

The detailed description of starch morphological characteristics from 13 species of Lithocarpus are as follows.


3.2.1 Starch granules from Lithocarpus dealbatus

The starch granules from Lithocarpus dealbatus in our study are divided into four groups according to shape. The first group is the circular type, which accounts for 24%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 15.52 ± 3.39 μm. The second group is the polygonal type, which accounts for 21.8%, with a rough surface and invisible lamellae, whose mean size is 20.19 ± 3.55 μm. The third group is the oval type, which accounts for 20.7%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 19.40 ± 3.79 μm. The last group is the spherical caps type, which accounts for 22.9%, with a smooth surface and invisible lamellae, whose mean size is 14.37 ± 4.73 μm. Meanwhile, compound granule accounts for 10.6%.



3.2.2 Starch granules from Lithocarpus craibianus

The starch granules from Lithocarpus craibianus in our study are divided into two groups according to shape. One is the polygonal type, which accounts for 59.3%, with a rough surface and invisible lamellae, whose mean size is 18.99 ± 3.27 μm. The other is the subcircular type, which accounts for 40.7%, with a smooth surface and invisible lamellae, whose mean size is 15.25 ± 3.19 μm.



3.2.3 Starch granules from Lithocarpus mairei

The starch granules from Lithocarpus mairei in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 7%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 18.36 ± 4.17 μm. The second group is the polygonal type, which accounts for 82%, with a rough surface, X-shaped or linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 18.53 ± 4.33 μm. The last group is the bell-shaped type, which accounts for 11%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 16.64 ± 2.98 μm. Meanwhile, compound granule accounts for 2%.



3.2.4 Starch granules from Lithocarpus pachylepis

The starch granules from Lithocarpus pachylepis in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 68%, with a smooth surface, X-shaped or linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 9.97 ± 2.11 μm. The second group is the polygonal type, which accounts for 19%, with a rough surface, X-shaped fissures through the hila, and invisible lamellae, whose mean size is 11.39 ± 2.57 μm. The last group is the bell-shaped type, which accounts for 4%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 8.49 ± 1.62 μm. Meanwhile, compound granule accounts for 9%.



3.2.5 Starch granules from Lithocarpus sp.

The starch granules from Lithocarpus sp. in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 70%, with a smooth surface and invisible lamellae, and with very few granules bearing X-shaped fissures through the hila, whose mean size is 11.88 ± 3.37 μm. The second group is the polygonal type, which accounts for 17%, with a rough surface, concave hila, and invisible lamellae, whose mean size is 11.14 ± 5.49 μm. The last group is the bell-shaped type, which accounts for 12%, with a smooth surface, concave hila, and invisible lamellae, whose mean size is 10.09 ± 3.37 μm. Meanwhile, compound granule accounts for 1%.



3.2.6 Starch granules from Lithocarpus elizabethiae

The starch granules from Lithocarpus elizabethiae in our study are divided into two groups according to shape. One is the subcircular type, which accounts for 93%, with a smooth surface, X-shaped or linear-shaped fissures through the hila, and invisible lamellae, whose mean size is 10.21 ± 2.73 μm. The other is the bell-shaped type, which accounts for 6%, with a smooth surface, X-shaped fissures through the hila, and invisible lamellae, whose mean size is 7.22 ± 10.06 μm. Meanwhile, compound granule accounts for 1%.



3.2.7 Starch granules from Lithocarpus longipedicellatus

The starch granules from Lithocarpus longipedicellatus in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 39%, with a smooth surface and invisible lamellae, whose mean size is 13.19 ± 4.46 μm. The second group is the polygonal type, which accounts for 31%, with a rough surface, concave hila, and invisible lamellae, whose mean size is 17.48 ± 5.71 μm. The last group is the bell-shaped type, which accounts for 30%, with a smooth surface and invisible lamellae, whose mean size is 12.83 ± 5.32 μm. Meanwhile, compound granule accounts for 2%.



3.2.8 Starch granules from Lithocarpus fenzelianus

The starch granules from Lithocarpus fenzelianus in our study is the subcircular type with a smooth surface and invisible lamellae, whose mean size is 8.35 ± 1.94 μm.



3.2.9 Starch granules from Lithocarpus balansae

The starch granules from Lithocarpus balansae in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 12.2%, with a smooth surface and invisible lamellae, whose mean size is 15.99 ± 3.04 μm. The second group is the polygonal type, which accounts for 41.2%, with a rough surface and visible lamellae, whose mean size is 20.79 ± 3.98 μm. The last group is the oval type, which accounts for 39.7%, with some small hollows on the surface and visible lamellae, whose mean size is 18.16 ± 3.71 μm. Meanwhile, compound granule accounts for 6.9%.



3.2.10 Starch granules from Lithocarpus skanianus

The starch granules from Lithocarpus skanianus in our study are divided into three groups according to shape. The first group is the subcircular type, which accounts for 7.3%, with some small hollows on the surface and visible lamellae, whose mean size is 14.9 ± 2.81 μm. The second group is the polygonal type, which accounts for 77.6%, with a rough surface and visible lamellae, whose mean size is 19.93 ± 5.2 μm. The last group is the bell-shaped type, which accounts for 12.7%, with a smooth surface and invisible lamellae, whose mean size is 18.66 ± 3.01 μm. Meanwhile, compound granule accounts for 2.4%.



3.2.11 Starch granules from Lithocarpus longanoides

The starch granules from Lithocarpus longanoides in our study are divided into two groups according to shape. One is the subcircular type, which accounts for 13.5%, with some small hollows on the surface, linear-shaped fissures through the hila, and visible lamellae, whose mean size is 12.63 ± 1.99 μm. The other is the polygonal type, which accounts for 82.5%, with a rough surface, linear-shaped fissures through the hila, and visible lamellae, whose mean size is 15.87 ± 3.34 μm. Meanwhile, compound granule accounts for 4%.



3.2.12 Starch granules from Lithocarpus xylocarpus

The starch granules from Lithocarpus xylocarpus in our study are divided into two groups according to shape. One is the subcircular type, which accounts for 77.6%, with a smooth surface and invisible lamellae, whose mean size is 12.51 ± 2.95 μm. The other is the oval type, which accounts for 22.4%, with a rough surface and invisible lamellae, whose mean size is 15.76 ± 3.99 μm.



3.2.13 Starch granules from Lithocarpus longinux

The starch granules from Lithocarpus longinux in our study are divided into two groups according to shape. One is the subcircular type, which accounts for 10.2%, with a smooth surface and invisible lamellae, whose mean size is 7.73 ± 0.88 μm. The other is the bell-shaped type, which accounts for 67%, with a smooth surface and invisible lamellae, whose mean size is 7.69 ± 0.96 μm. Meanwhile, compound granule accounts for 22.8%. The compound granules could be divided into two subtypes: one usually includes two or three small semicircular or fan-shaped single granules, while the other is composed of over four small polygonal single granules.




3.3 Starch granules from Castanopsis(Castanopsis orthacantha)

The starch granules from Castanopsis orthacantha in our study are divided into four groups according to shape. The first group is the subcircular type, which accounts for 17%, with a smooth surface and invisible lamellae, whose mean size is 15.98 ± 3.45 μm. The second group is the polygonal type, which accounts for 65%, with a rough surface and invisible lamellae, whose mean size is 16.67 ± 3.15 μm. The third group is the oval type, which accounts for 8%, with a smooth surface and invisible lamellae, whose mean size is 16.60 ± 2.99 μm. The last group is the bell-shaped type, which accounts for 10%, with a rough surface and invisible lamellae, whose mean size is 12.92 ± 2.16 μm. Meanwhile, compound granule accounts for 2%.



3.4 Starch granules from Castanea (Castanea seguinii)

The starch granules from Castanea seguinii in our study are divided into four groups according to shape. The first group is the subcircular type, which accounts for 29%, with a smooth surface and invisible lamellae, whose mean size is 10.34 ± 3.38 μm. The second group is the polygonal type, which accounts for 6%, with a rough surface and invisible lamellae, whose mean size is 14.62 ± 3.25 μm. The third group is the oval type, which accounts for 17%, with a smooth surface and invisible lamellae, whose mean size is 14.65 ± 3.22 μm. The last group is the drop-shaped type, which accounts for 45%, with a smooth surface and invisible lamellae, and with very few granules with concave hila, whose mean size is 12.92 ± 2.16 μm. Meanwhile, compound granule accounts for 3%.




4 Discussion


4.1 Discrimination of Fagaceae starch granules at the species level

We statistically measured the granule size as a discriminating feature for starch identification. However, the fact is a lot of granule size overlap makes it challenging to adopt granule size as an independent discriminator. Therefore, size should be used in combination with the following morphological features for reliable starch discrimination: overall shape, fissure types, lamella visibility, hilum position, and surface texture. We divided all specimens into seven groups primarily based on the granule shape, namely, oval, subcircular, drop-shaped, rounded triangle, polygonal, spherical caps, and bell-shaped. Starch granule sizes are given in Figure 3.




Figure 3 | Box plot of the granule sizes of the starches examined.



Group A is mainly composed of ovals with an eccentric hilum and invisible lamellae. Quercus fleuryi has the smallest starch length in this group at mean length (8.21 ± 1.75 μm), while Quercus blakei and Quercus sessilifolia are the largest, 17.11 ± 4.43 μm and 17.06 ± 4.46 μm, respectively. Quercus argyrotricha and Quercus augustinii have similar granule size distributions, as do Quercus litseoides, Quercus kouangsiensis, and Quercus serrata. Group A could be divided into four subtypes based on the type combination. The A1 subtype group contains oval and bell-shaped types; starch granules of Quercus blakei (Figure 4-1) have a smooth surface, while those of Quercus argyrotricha (Figure 4-2), Quercus augustinii (Figure 4-3), and Quercus litseoides (Figure 4-4) have a rough surface. The A2 subtype group is a combination of oval and subcircular types; Quercus kouangsiensis (Figure 4-5) contains 12.7% compound granules with some small hollows on the surface. Quercus fleuryi (Figure 4-6) only contains single granules with a smooth surface. Quercus lamellosa (Figure 4-7) contains several polygonal types with X-shaped fissures. The A3 subtype group contains Quercus serrata (Figure 4-8), in which a small part of the rounded triangle type with linear-shaped fissures is included. The A4 subtype group contains Quercus sessilifolia (Figure 4-9), which only has an oval type with some small hollow surfaces.




Figure 4 | Morphological graphs of 34 species from Fagaceae. Scale bar, 20 μm. (a, brightfield light; b, cross-polarized light). 1, Quercus blakei; 2, Quercus argyrotricha; 3, Quercus augustinii; 4, Quercus litseoides; 5, Quercus kouangsiensis; 6, Quercus fleuryi; 7, Quercus lamellosa; 8, Quercus serrata; 9, Quercus sessilifolia; 10, Lithocarpus fenzelianus; 11, Quercus gilva; 12, Lithocarpus elizabethiae; 13, Lithocarpus pachylepis; 14, Lithocarpus sp.; 15, Lithocarpus longipedicellatus; 16, Lithocarpus xylocarpus; 17, Quercus kiukiangensis; 18, Quercus schottkyana; 19, Quercus longispica; 20, Castanea seguinii; 21, Quercus marlipoensis; 22, Quercus cocciferoides; 23, Quercus franchetii; 24, Quercus phanera; 25, Quercus aliena; 26, Quercus variabilis; 27, Lithocarpus craibianus; 28, Lithocarpus longanoides; 29, Lithocarpus mairei; 30, Castanopsis orthacantha; 31, Lithocarpus balansae; 32, Lithocarpus skanianus; 33, Lithocarpus dealbatus; 34, Lithocarpus longinux.



The subcircular type dominates in Group B, which has a visible centric hilum and invisible lamella. Group B could be divided into five subtypes based on the type combination. The B1 subtype group contains Lithocarpus fenzelianus (Figure 4-10), which has the smallest size in Group 2 (8.35 ± 1.94 μm), subcircular type only. The B2 subtype group is a combination of subcircular and bell-shaped types. Quercus gilva (Figure 4-11) contains 37% compound granules, and some of the single granules have linear fissures, while Lithocarpus elizabethiae (Figure 4-12) contains almost single granules, some of which have linear fissures or X-shaped fissures. The B3 subtype group is a combination of subcircular, polygonal with wavy edges or convex surfaces, and bell-shaped types. Lithocarpus pachylepis (Figure 4-13) contains 9% compound granules, and some of the single granules have linear-shaped or X-shaped fissures, while Lithocarpus sp. (Figure 4-14) has a concave hilum. The statistical results revealed that three types in Lithocarpus longipedicellatus (Figure 4-15) have an almost equal percentage. The B4 subtype group contains Lithocarpus xylocarpus (Figure 4-16) with an oval type that has a rough surface. The B5 subtype group contains Quercus kiukiangensis (Figure 4-17) and Quercus schottkyana (Figure 4-18), which include oval (concave toward the distal end) and bell-shaped types. The size of Quercus kiukiangensis (16.3 ± 4.67 μm) is larger than that of Quercus schottkyana (12.93 ± 3.87 μm).

Group C is mainly composed of drop-shaped types with eccentric hila and invisible lamellae. Group C could be divided into three subtypes based on the type combination. The C1 subtype group contains oval, subcircular, and polygonal with wavy edges or convex surfaces. Quercus longispica (Figure 4-19) and Castanea seguinii (Figure 4-20) have some compound granules, while they are not observed in Quercus marlipoensis (Figure 4-21). In addition, the bell-shaped type and oval type, few of which have linear-shaped, V-shaped, and X-shaped fissures, are included in Quercus longispica. The C2 subtype group contains Quercus cocciferoides (Figure 4-22), which includes a considerable number of subcircular types. Some of the granules have linear fissures. The C3 subtype group includes Quercus franchetii (Figure 4-23) and Quercus phanera (Figure 4-24), drop-shaped type only. However, Quercus phanera (17.35 ± 5.96 μm) is larger than Quercus franchetii (13.44 ± 4 μm).

Group D includes Quercus aliena (Figure 4-25) and Quercus variabilis (Figure 4-26), in which the rounded triangle type is dominant, with faint polarizing crosses, linear fissures, and invisible lamellae. Quercus aliena also contains a few oval types, while Quercus variabilis contains several drop-shaped types.

Group E, which is polygonal with wavy edges or convex surfaces, has a mean size larger than 15 μm. Group E could be divided into two subtypes based on the type combination. The E1 subtype group is a combination of polygonal and subcircular types. Lithocarpus craibianus (Figure 4-27) only contains single granules, while Lithocarpus longanoides (Figure 4-28) contains few compound granules, and the single one has linear-shaped fissures. The E2 subtype group included more various, polygonal, oval, subcircular, and bell-shaped types. Lithocarpus mairei (Figure 4-29) and Castanopsis orthacantha (Figure 4-30) have invisible lamellae, while the former has a concave hilum and linear-shaped or X-shaped fissures. The starch granules of Lithocarpus balansae (Figure 4-31) and Lithocarpus skanianus (Figure 4-32) are most likely to have visible lamellae and small hollows on the surface, while the largest size of Lithocarpus skanianus could reach 41.47 μm and that of Lithocarpus balansae can only reach 30.46 μm.

Group F only contains Lithocarpus dealbatus (Figure 4-33), which is a combination of spherical caps and polygonal, oval, and subcircular types, and additionally includes 10.6% compound granules. Some starch granules have a concave hilum.

Group G only contains Lithocarpus longinux (Figure 4-34), which is composed of bell-shaped and subcircular types and contains 22.8% compound granules. The compound granules could be divided into two subtypes as follows: G1 and G2. The former usually includes two or three small semicircular or fan-shaped single granules, while the latter is composed of over four small polygonal single granules. Lithocarpus longinux was the smallest among all the specimens (7.7 ± 0.95 μm).



4.2 Morphological discrimination on a phylogenetic basis

When compound granules are milled, they can break up into the separate subgranules. Meanwhile, we noted that the species that produced the bell-shaped type almost produced compound granules, and the compound granules are mainly composed of two single bell-shaped granules, which means that the bell-shaped type may originate from the segregative compound granules. There are many folds on the surface of almost all polygonal starch granules. Transverse fissures are present in most Quercus kiukiangensis, Quercus gilva, Quercus variabilis, Quercus serrata, Quercus aliena, Quercus cocciferoides, Quercus longispica, Lithocarpus mairei, Lithocarpus pachylepis, Lithocarpus elizabethiae, and Lithocarpus longanoides starch granules. Most starch granules of Lithocarpus longanoides, Lithocarpus skanianus, and Lithocarpus balansae featured lamellae.

Combining the previous work of phylogenetic relationships (Deng et al., 2018; Hipp et al., 2020) with the species tested in this paper, the phylogenetic relationships are given in Table 2, and starch granule sizes are given in Figure 5.




Figure 5 | Box plot of the granule sizes of plant materials used for morphological analysis based on phylogeny in this study.




Table 2 | Plant materials used for morphological analysis based on phylogeny in this study.



Starch granule morphology is largely dependent on the genetic composition of the plant, but size and shape can be modified by both the internal and external environments of the plant (Nikuni, 1978; Oliveira et al., 1994; Haase and Plate, 1996). Regardless of environmental factors, the shape and size of the starch granule are often characteristic of the plant taxon. We noticed that all samples in the STB lineage in section Cyclobalnaopsis produced oval-type starch granules, which was not observed in the others. Both sections Ilex and Cerris contain drop-shaped types, which is reasonable because these two sections are close in their phylogenetic relationships. It is a combination of rounded triangle and oval types in two samples of section Quercus.



4.3 Starch grain analysis of residues from Paleolithic stone tools

The modern starch presentation and comparison of nuts was applied in the identification of starch granules extracted from stone tools from the 20 to 10 ka cultural layer of Xiaodong Rockshelter, which is located in Southwestern Yunnan and the earliest Hoabinhian site discovered so far (Ji et al., 2016). A starch granule extracted from a chopper, which is polygonal with a rough surface and linear-shaped fissures with a size of 18.18 μm, is consistent with Lithocarpus mairei in both size and morphology (Figure 6A). Another starch granule extracted from a sumatralith, which is rounded triangle with a smooth surface and an X-shaped polarizing cross with a size of 10.7 μm, is consistent with Quercus serrata in both size and morphology (Figure 6B). Moreover, one starch granule extracted from another sumatralith is consistent with Quercus variabilis and Quercus aliena in both size and morphology, which is rounded triangle with a smooth surface and linear-shaped fissures with a size of 12.99 μm (Figure 6C). Based on the starch granule analysis, it can be inferred that nuts from Quercus and Lithocarpus were gathered and exploited by ancient people in this region. More starch granules extracted from stone tools in this site show the morphological characteristics of Fagaceae species.




Figure 6 | Morphological graphs of starch granules found in the Xiaodong site. Scale bar, 20 μm (a, brightfield light; b, cross-polarized light). (A), ancient starch consistent with Lithocarpus mairei; (B), ancient starch consistent with Quercus serrata; (C), ancient starch consistent with Quercus variabilis and Quercus aliena.






5 Conclusion

Although our statistical analysis of granule size overlaps among some species, it still evaluates distribution differences, and combining it with morphological features can help species discrimination. Morphological analysis on a phylogenetic basis shows the discrimination among different groups of phylogeny of Quercus section. Different groups tend to produce the same shape starch granules. An application case in archaeology shows that some starch granules from Paleolithic stone tools can be recognized to species level, suggesting that the identification of starches from Fagaceae in our study sample from South China is reliable. Therefore, we confirm the potential for starch granule analysis in archaeology research, which helps to improve the accuracy of the identification of ancient starch and deepen the understanding of plant utilization of ancient humans.
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Introduction

Millet-based dryland agriculture is the traditional mode of agricultural cultivation in northern China and has been of great significance to the emergence and development of Chinese civilization. However, although they are both millet-based agricultural production methods, with various subtypes in different regions of northern China. In the Songhua River Region in northeast China, the ecological environment and abundant natural resources led to the slow development of agriculture, and it was only after the Liaojin Dynasties that a mature farming industry was formed.



Material and Method

We used the plant flotation instrument to flotation the soil samples unearthed in the Luotong Mountain City, a Liaojin period site in Songhua River Region, northeast China, and collected the charred plant seeds. Then observing them with the electron microscope, we identified and counted the plant seeds in this site.



Result

It was found that this region is still a millet-based crop utilization structure, and a total of 11 types of charred agricultural crop seeds were excavated from flotation at the Luotong Mountain City site. And the barnyard millet crops occupy a prominent advantage, with ubiquity of more than 91%.



Discussion

The ancestors of this region were still engaged in a millet-based agricultural strategy during this period, with a certain lag compared to the Central Plains’agricultural strategy where Triticeae crops had become dominant. In addition, the crop structure with the millet-based agriculture of the region is also somewhat different from that of the Central Plains. Through comparative studies of surrounding sites and reference to historical documents, it was found that this difference in crop structure is a phenomenon unique to the Songhua River Region and is related to the dietary habits of the local settled Jurchen nomads, who ate barnyard millet meal.
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Introduction

The development of settled agriculture contributed to the emergence of civilization. During the formation of human society, many plants have been domesticated, including rice, wheat, corn, millet, barley and many other food crops. However, due to geographical and climatic constraints, the domestication of plant species was different, and the pattern and extent of agricultural development were also unlike anywhere else in the world. As a result, different centres of agricultural origin have arisen around the world, one of which is East Asia (Crawford, 2008). In East Asia, China is the most important agricultural region.

Several studies have shown that China has a long history of plant domestication. Approximately 10,000 years ago, the beginnings of plant domestication arose in the northern and southern regions of China at almost the same time. More than 20 charred rice grains (Oryza sativa) were found at the Shangshan site in Zhejiang Province (Zhao and Jiang, 2016), and some broomcorn millet seeds (Panicum miliaceum) and foxtail millet seeds (Setaria italica) were found at the Donghulin site in Beijing (Zhao et al., 2020). During this period, the complete agricultural production mode had not yet been formed, but the ancient people had completed the initial domestication of plants (Zhao, 2014).

Agriculture originated from two separate routes of development, namely, rice farming in the south and dryland farming in the north (Liu, 2022). Approximately 8,000~6,000 years ago, rice grains were found in southern archaeological sites such as the Jiahu site, Henan Province (Zhang et al., 2018), the Kuohuqiao site in Zhejiang Province (Zheng et al., 2004), and the Hemudu site, Zhejiang Province (Natural History Section & Chekiang Provincial Museum, 1978). In contrast, millet crops have been found at sites in the north, such as the Cishan site in Hebei Province (Tong, 1984), Xinglonggou in Inner Mongolia Province (Sun, 2014), and Xinle in Liaoning Province (Wang and Pan, 1983). The plant remains found in this period are more abundant than those from the previous phase, but the agricultural production model had still not been formed (Zhao, 2014).

Approximately 5,000 years ago, systematic agricultural production took shape in the northern and southern regions of China. The Liangzhu site in Zhejiang Province in southern China (Zhao, 2010) unearthed a large number of rice remains and paddy fields, showing a highly developed agricultural civilisation, a state of affairs that proves that rice farming was fully established in the southern region. This mode of agriculture has continued into later times. Likewise, large quantities of foxtail millet and broomcorn millet seeds were found in many archaeological sites in northern China approximately 6500 years ago (Zhao, 2017; Fan et al., 2017; Cheng et al., 2022). A well-developed agricultural civilization was found at the Banpo site in Shaanxi (Institute of Archaeology of Chinese Academy of Sciences & Xi’an Banpo Museum of Shaanxi Province, 1963). This evidence marked the formation of dryland farming in northern China. Unlike the development of agriculture in southern China, however, the introduction of wheat (Triticum aestivum) to northern China approximately 4000 years ago led to a transformation of this major crop (Jin, 2021; Xu and Wang, 2018). As a result, the agricultural pattern of “southern rice and northern wheat” eventually formed in ancient China (Zhao, 2009).

However, although the millet crop was replaced by wheat at a later stage of agricultural development in northern China, its role as a native crop cannot be underestimated in the origin and development of early Chinese civilization. According to the studies, there is a continuous and stable history of domestication of the millet crop in the North China Plain and the Western Liaoning River Plain (Ma, 2014), but the situation of millet crop farming in some parts of northern China remains somewhat less clear in ancient China. The Songhua River Region (hereinafter SRR), another major cultural region in Northeast China besides the Western Liaoning River Plain, has been dominated by fishing and gathering as the economic model in the Neolithic period (Yuan, 2016). And the farming is also less developed, slightly different from the traditional Central Plains region. Therefore, in this case, even though the SRR eventually developed millet crop farming, there is still some discrepancy compared with the North China Plain and the Liaoning Plain area.

To clarify this discrepancy, we identified and counted the plant remains excavated by flotation in 2009 from the Luotong Mountain City (hereinafter LMC) site (Baidu Map: N42.3516; E125.99984) in the SRR and studied the agricultural use patterns in this region.



Background


Utilization of barnyard millet in China

Barnyard millet is an atypical agricultural crop that originated in East Asia. The earliest domestication of barnyard millet (Echinochloa utilis) as a food crop occurred in Japan, where it is known as “Japanese millet” (Crawford and Takamiya, 2008). The remains of cultivated barnyard millet have been found in many sites of the Jomon period in Japan. (Crawford, 2008). The cultivation and use of barnyard millet in Japan has a long history, and the Japanese still eat cultivated barnyard millet until modern times (Kumagai et al., 2011).

However, in the early domestication of agriculture in East Asia, barnyard millet was not as important as foxtail and broomcorn millet. Their domestication was regional and less common than that of the other two millet crops. After the historical period, with cultural exchange and social progress, the variety of crops available increased, and the barnyard millet became increasingly marginalized as a functional food. Thus, in the entire East Asian region during the historical period, only Japan had multiple uses for barnyard millets (Crawford, 2008).

In China, barnyard millet has suffered from a cold shoulder. In ancient China, barnyard millet was consumed only at certain times. Most of the time, their close relatives, the undomesticated barnyard grasses (Echinochloa crusgalli), are more frequently seen in archaeological sites. The earliest charred wild barnyard grass seeds have been found by Chinese researchers at the Shizitan Palaeolithic site (13,800 and 8,500 cal. BP) in Shanxi (Li, 2015). In addition, these wild seed remains were also found in Neolithic sites, such as the Baligang site (Deng and Gao, 2012), Shangshan site (Zhao and Jiang, 2016), and Beiqian site (Zhao, 2009). At the above mentioned archaeological sites in China, charred barnyard grass seeds were found sporadically, and their particles were small, which is quite different from the cultivated barnyard millet seen in Japan (Yang et al., 2010).

Although the archaeological evidence in prehistory does not provide evidence of the use of cultivated barnyard millet by the Chinese, ancient Chinese agricultural books do record some information. Fan Sheng-Chih Shu (Fan Shengzhi’s Book on Agriculture) wrote during the Western Han Dynasty (206 BC-8 AD) about the planting advantages and economic value of barnyard millet as a food crop, “Barnyard millet can be grown in both flooded and dry conditions, and as long as it is planted, it will be harvested. It is also particularly luxuriant and suitable for planting in preparation for famine. The seeds of barnyard millet have grain, and when mature, they can be pounded out and cooked as barnyard meals, which is no worse than sorghum meal. It can also be used to make Baijiu (A Chinese alcoholic beverage made from grain)” (Shi and Fan, 1959).

Jia Sixie of the Northern Wei Dynasty (386-534 AD) added, in his agriculture book, Qimin Yaoshu (Essential techniques [or arts] for the common people), that “Barnyard millets can be used to make Baijiu, and the smell is both fragrant and strong, much more than broomcorn millet wine and sorghum wine. Emperor Wudi of Wei Dynasty (155-220 AD) once ordered the chief agricultural officer to plant barnyard millets … The grains of barnyard millet could be ground into flour to feed the hungry in bad years; in good years, it could be used to feed cattle, horses, pigs and sheep” (Cynthia et al., 2015).

In the Western Han Dynasty, ancient Chinese farmers already had mature knowledge of the barnyard millet and sometimes used it as human food. By the Wei Jin Dynasties (220-420 AD), the value of the barnyard millet as a brewing crop and livestock feed was more valued, and it was only consumed as human food during some famine periods. However, after the Northern Wei Dynasty, there are no more records of barnyard millets in agricultural books. It is clear that after the Northern Wei Dynasty barnyard millets gradually left the Chinese table.



Agricultural conditions in Northeast China during the Liaojin Dynasties (907-1234 AD)

Northeast China, with its rich natural environment, has been of great importance and is one of the birthplaces of Chinese civilization. Since the Neolithic period, it has been an important settlement for nomadic fishing and hunting crowds and has developed a different form of civilization than that of the Central Plains. Before the establishment of the Liao Dynasty, the region was dominated by non-agricultural production methods (Han, 2021). Therefore, there was still a certain lag in the domestication and utilization pattern of crops in Northeast China during the Liaojin Dynasties compared with that in the Central Plains. Moreover, the agricultural development in the whole Northeast Chinese region was not the same during this period, with the agricultural situation in the Liaohe River basin area superior to that in the SRR (Ma, 2010).

However, the Liaojin Dynasties were also a period when agriculture flourished in north-eastern China. According to historical records, large-scale population migration occurred in the northeast during the Liaojin Dynasties. During the period when the Liao Kingdom and Jin Kingdom were confronted, one after another, with the Song Kingdom, the cultural exchange between the two sides also intensified. At the same time, the Liao and Jin governments realized the importance of agriculture and moved a large number of Han Chinese and Bohai people to the SRR to strengthen the development of agriculture in this region, which brought advanced farming techniques and abundant food crops to the region, resulting in a highly developed agricultural process (Han, 2021). In this historical context, the excavated sites of agricultural evidence in Northeast China, especially in the SRR, have become particularly important. These agricultural sites can give a glimpse of the interrelationship between nomadic fishing hunting and sedentary agriculture throughout Northeast China during the historical period and provides information on the advancement of livelihood patterns from nomadic pastoralism to highly developed farming in Northeast China (Zhao, 2020).



The LMC site

The LMC site is located at the intersection of Liuhe County, Huinan County and Meihekou County in Jilin Province, between 125°17′ ~126°34′ east longitude and 41°53′~42°35′ north latitude (Figure 1). The mountainous area belongs to the Luotong Mountain Range of the Changbai Mountain Chain. The highest elevation reaches 1090 metres, with complex and treacherous terrain. The City was built in accordance with the mountain on the main peak of 960 metres above sea level in the central part of Luotong Mountain. Based on its form, construction techniques and geographical location, the site was presumed to have been built during the Goguryeo period of the Wei and Jin Dynasties (220~589 AD) and was an important military fortress for the northwards expansion of the ancient capital Gungnae City and Wandu Mountain City. It plays an important role in the study of the architecture of the ancient city of Goguryeo, the geography of the territory, military defence, and the development of the country’s politics, economy, culture, and military (Xu et al., 1985).




Figure 1 | Location of the Loutong Mountain City site (Original Image Source: http://bzdt.ch.mnr.gov.cn and https://map.qq.com/).



In addition, researchers have found that the site contains not only historical relics from the Goguryeo period, but also remains from the Liaojin Dynasties and even unearthed copper coins from the Song dynasty. It is clear that the city continued to be used for some time after the fall of Goguryeo and had close ties with the Central Plains. The discovery of this site is valuable not only for the study of Goguryeo history, but also for the transformation of the business model, ethnic integration and cultural exchange in northeast China.




Materials and methods

From 2006 to 2009, the Institute of Cultural Relics and Archaeology of Jilin Province organized relevant personnel to systematically conduct a survey and three excavations on the LMC site. During the excavation work, the unearthed artefacts included ironworks, potteries, porcelain, jade artefacts, etc. The ironworks included arrowheads, spear blades, chisels, armor pieces, pots and pans. The pottery included pots, jars, and bowls; the jade includes rings and beads; and the porcelain included bottles. It is a very typical ancient Chinese city site (Xu et al., 1985). The materials used in this paper included charred plant remains belonging to the Liaojin Dynasties excavated from some important units in 2009.


Sampling method

The archaeological excavation area was small, so the diversity of the collected flotation samples was somewhat limited. Therefore, a directional sampling method was chosen to sample a total of 13 house sites, one city gate and one drainage ditch excavated from the Liaojin Dynasties in the LMC site. Among them, 13 house sites of the Liaojin Dynasties were identified as the focus of sampling. Due to the shallow burial of the relics, which were quite close to the surface, there is a higher possibility of late human interference, and in consideration of maintaining the purity of the sample collection, no sampling was conducted on the stratum within the rectangular unit. After counting, the total number of samples collected by flotation reached 23, with a total of 337 L of soil samples and an average soil volume of 15 L per sample.



Flotation

The samples collected from this excavation were separated in the field using a water wave flotation device (Crawford, 1984) and an 80 mesh sieve (0.2 mm pore size) for the collection of charred plant seeds. The floated plant seeds were dried in the shade and then identified and analysed in the phyto-archaeological laboratory. Ancient agricultural production was explored through flotation results mainly through the quantitative analysis of crop seed remains, but the use of flotation to obtain plant remains is subject to biases in absolute numbers (Zhao, 2004). Therefore, we later corrected this bias by combining it with the ubiquity statistics method. Ultimately, charred plant seed remains were obtained from all soil samples collected during flotation. After laboratory identification, these charred plant seed remains can be divided into two categories, charred wood chips and charred plant seeds. Plant seeds are the focus of this paper.




Results


Identification


Charred wood chips

Charred wood chips are the remnants of wood that has been burned, the main source of which is fuel, wood buildings, and wood that has been burned for other purposes. The total amount of charred wood chips obtained from flotation at the LMC site was 125.74 g through screening using a 1 mm pore size splitting sieve. The average amount of charred wood chips per sample reached 5.47 g (Table 1). This identification result of charred wood chips from the LMC site has a high content ratio compared with similar sites in the past. Considering that the total number of samples collected by flotation was small and the sampling context was relatively homogeneous, this high figure is likely to be a coincidence and not representative of the overall burial of charred wood chips in the Liaojin Dynasties cultural layer at the LMC site. In addition, the location of the site was conducive to the collection and use of timber, and it is probably for this reason that has a high ratio of charred wood chips.


Table 1 | Statistics of charred wood chips from flotation samples in 2009 at the LMC site.





Charred plant seeds

A total of 6,715 charred plant seeds were found in the 23 flotation samples collected from the site of LMC site (Table 2). The seed emergence rate of charred plants at the site was approximately 201 seeds/10 litres. Similar to the statistics of charred wood chips excavated from this site, this figure is significantly high in comparison with other sites. The charred plant seed species identified by microscopic observation included foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), barnyard millet (Echinochloa esculenta), sorghum (Sorghum bicolor), barley (Hordeum uhulgare), oats (Avena sativa), buckwheat (Fagopyrum esculentum), soybean (Glycine max), cowpea (Vigna), bristlegrass (Setaria), grass family (Poaceae), legumes (Leguminosae), polygonum (Polygonaceae), Euphorbiaceae (Euphorbiaceae), cannabis (Cannabis Sativa), Perilla (Perilla frutescens), raspberry (Rubus), Huangbai (Phellodendron chinense), chenopodium (Chenopodium), cocklebur (Xanthium sibiricum), elderberry (Sambucus chinensis), kochia scoparia (Kochia scoparia), etc. In addition, there were a small number of unknown species of plant seeds that were not clearly characterized or had lost their key characteristic parts for identification due to more severe charring, so the species could not be accurately identified. The number of seeds of charred plants excavated is shown in Table 2.


Table 2 | Statistics of plant seeds unearthed in 2009 at the LMC site.






Charred agricultural crop seeds in Loutong Mountain City

A total of 11 types of charred agricultural crop seeds (Figure 2) were excavated from flotation at the LMC site. Among the 11 types of crop seeds, three types, foxtail millet, broomcorn millet and cultivated barnyard millet (Figure 3), showed a significant numerical advantage. These three crops are all millet crops, and all belong to the C4 plant. This result reflects that the agricultural production of the inhabitants of LMC during the Liaojin Dynasties was mainly based on the cultivation of millet crops, in line with the characteristics of dry farming in northern China. However, according to the difference in the number of charred crop seeds excavated, these three types of millet crops have different positions in the crop structure of the site.




Figure 2 | Statistical chart of the absolute number and ubiquity of agricultural crops at the LMC site.






Figure 3 | Images of LMC site plant seeds remain unearthed in part. (A) Charred foxtail millet seeds; (B) Charred broomcorn millet seeds; (C) Charred barnyard millet seeds; (D) Charred barley seeds.



The absolute number and ubiquity of cultivated barnyard millet occupy the first place, 46.70% and 91.30% (Table 3), respectively. It outnumbered the two typical northern crops in the traditional sense, foxtail millet and broomcorn millet, and was the most closely related grain to people’s lives at that time. The crop second only to the cultivated barnyard millet is foxtail millet, and its absolute number and ubiquity are close to the former, reaching 39.9% and 86.96% (Table 3), respectively, the first choice of food for the ancestors except for the cultivated barnyard millet. Broomcorn millet also occupies a certain proportion of the plant remains excavated at the site, with an absolute number and ubiquity of 9.71% and 69.57% (Table 3), respectively. Compared with the cultivated barnyard millet and foxtail millet, the quantity of broomcorn millet is much smaller, but its ubiquity is still higher. Therefore, it is assumed that, although millet is not as important as barnyard millet and foxtail millet, it was still the main food of the ancestors of LMC at that time, and it was an important food source for the ancestors in agricultural life.


Table 3 | The absolute number and ubiquity of agricultural crops at the LMC site.



The flotation samples from LMC site were also found to contain 53 grains of sorghum, with an ubiquity of 4.35% (Table 3). Despite the small number of discoveries, the flotation results of sorghum prove that it appeared on people’s tables in the SRR during the Liao and Jin Dynasties. Other grain crops, such as barley (Figure 3) and oats, were also found at the LMC site, but the number of these was slightly smaller and their proportion in the ubiquity was also low, which indicates that wheat crops were not the main crop in the production of crops during the Liaojin Dynasties at the LMC site, but there were abundant varieties.

In addition to the above species, crops such as soybean, cowpea, perilla (Figure 4), and cannabis are also found in the LMC site, but their quantities are not outstanding. Considering that they are not major food crops, it is not difficult to understand that their quantity ratio is lower than that of several kinds of millet.




Figure 4 | Images of LMC site plant seeds remain unearthed in part. (A) Charred buckwheat seeds; (B) Charred soybean seeds; (C) Charred cowpea seeds; (D) Charred perilla seeds.






Discussion


Barnyard millet in the SRR

The remains of millet crops excavated from the LMC site are still dominant, and this region also belongs to the millet-based dryland agriculture of Northern China. However, among the three types of foxtail millet, broomcorn millet and barnyard millet, barnyard millet is the most abundant, with an ubiquity of 91.3%. Whereas in most of China, barnyard millet is considered an agricultural pest grass, the excavation of such a large amount of barnyard millet from the Liaojin Dynasties LMC site is obviously different from the utilization of barnyard millet in most of China.

After collecting data from other sites in the surrounding area, we found that the above phenomenon is not an exception. In Liaojin Dynasties sites such as the Jin Shangjing site (Baidu Map: N45.49388; E126.97093) in Heilongjiang, Bayantala site (Baidu Map: N43.36832; E119.88779) in Inner Mongolia (Sun, 2013), Lichunjiang site (Baidu Map: N44.168109; E125.394443) (Liang et al., 2009; Yang et al., 2010) and Yongping site (Baidu Map: N45.72348; E122.52983) in Jilin (Yang, 2014), a certain amount of charred cultivated barnyard millet seeds remained, although the amount of cultivated barnyard millet excavated from the sites was not as abundant as that of LMC. These sites are all concentrated in the SRR except for the Bayantala site (Figure 5). Therefore, dry farming in the SRR during the Liaojin Dynasties should have been different from that in the Central Plains and was a kind of regional millet farming.




Figure 5 | Geographical location and main crop proportions of archaeological sites of the Liaojin Dynasties in the SRR (a report on the flotation plant remains from Jinshangjing site has not yet been published). (Original Image Source: http://bzdt.ch.mnr.gov.cn).



This phenomenon is also consistent with ancient Chinese historical documents. The Song ambassador Ma Kuo in the Mao Zhai Zi Xu (Autobiography in Maozhai) recorded his own mission to the Jin kingdom about the food situation: “From Xianzhou (咸州) to the area north of the Songhua River, people do not grow common millets, all they grow are barnyard millets, which are pounded into grain and made into barnyard millet meal. Once I saw the Jin emperor (Wan-yen A-ku-ta) and the chiefs of the Jin country eat together, and put a low table on the kang (a heatable brick bed in North China). Each person holds a bowl of barnyard millet meal, which is the so-called Jin kingdom royal banquet.” (Zhao, 2005)

Song dynasty man Hong Jin also recorded the life of the Song royal family after the captivity by the Jin kingdom in “Rong Zhai San Bi”(Rongzhai Essay), which also mentioned the barnyard millet: “Since the change of Jingkang in the Northern Song Dynasty, all the people who were captured by the Jin Kingdom, regardless of the royals, or the officials of government, all of them were relegated to slavery and driven into servitude by the Jin Kingdom. Each person was given five Dou of barnyard millets (unhusked) in a month, and they were asked to pound the barnyard millets themselves to get one Dou and eight litres of the grains of barnyard millet as a month’s ration” (Hong, 2019). “LiaoShi”(The History of Liao) also recorded the scene of the Liao royal sacrifice using barnyard: “One day, the shaman inserted a willow branch (a ritual practice) in the southeast of the canopy and toasted it with wine, broomcorn millets and barnyard millets to pray for blessings” (Tuo, 1974).

It can be found through archaeological evidence and historical materials that in the Liaojin Dynasties, the Jurchen tribes in the SRR of northeast China would have had a dietary tradition different from that of the Han Chinese in the Central Plains, including eating barnyard millet meals.

This eating habit existed among both nobles and commoners, and was a relatively stable dietary tradition. We speculate that there are several possibilities about the formation of this tradition. (1) The high latitude and cold climate of northeastern China limited the types of crops suitable for cultivation, so the barnyard millet became the primary choice of the Jurchen people because of their low requirements for the growing environment. (2) The rich plant and animal resources and relatively sparse population in the SRR made the relationship between people and land harmonious. In this environmental context, inhabitants did not need to vigorously cultivate crops and develop agriculture to obtain living resources. Therefore, the barnyard millet is already sufficient to meet the inhabitants’ food crop needs. (3) This tradition may also be related to the Goguryeo that once settled in the area. However, the relationship between the two is not yet clear due to the limitations of excavated materials.

Combining the research results of the surrounding sites, we argue that eating barnyard millet meals tradition of Jurchen in the SRR is the result of a combination of the above three reasons. At the same time, this dietary tradition is strongly associated with Jurchen people, even with the expansion of the dominion of the Jurchen people, affecting areas further south (Shang et al., 2016). However, some ruling policies in the Liao Dynasty caused its decline.

The government of the Liao Dynasty implemented an immigration policy to promote agriculture in the region, moving agricultural people from the Central Plains and the Bohai Kingdom into the SRR. And probably under the effect of migration of the agricultural population, the dietary tradition of eating barnyard millet meals was also declined. The differences in the number of charred barnyard millet seeds excavated from different archaeological sites in the region reflect the changes on dietary traditions. And because of its remote location and the fact that it was once a city of Goguryeo, LMC site has preserved the most primitive tradition of eating barnyard millet and has unearthed the largest number of charred barnyard millet seeds.



Millet-based crop planting strategies in the SRR

At the LMC site, barnyard millet is the most abundant and is the main source of grain; foxtail millet is the next most abundant, and broomcorn millet accounts for the smallest proportion of these three crops. However, among the three sites of Bayantala, Yongping, and Lichunjiang, foxtail millet excavation was the most abundant and dominant, and although there is also a certain amount of barnyard millet, its quantity was less than that of the LMC site.

At the Bayantara site, the number of Charred foxtail millet and broomcorn millet plant seeds excavated was comparable, 213 and 205, respectively, and the number of barnyard millet was extremely small, with only 4 being observed; at the Yongping site, the number of foxtail millet was the most abundant at 565, followed by 265 for millet and only 15 for barnyard millet; at the Lichunjiang site, the number of foxtail millet excavated was absolutely dominant, 1123, followed by 57 for barnyard millet, and extremely small for broomcorn millet, with only 1 being observed. The comparative study with the surrounding sites of the same period, Bayantala site, Yongping site and Lichunjiang site, reveals that in these four sites during the Liaojin Dynasties in the SRR, millet crops were still predominant, with foxtail millet as the main crop, followed by broomcorn millet and barnyard millet.

Wheat crops are in stark contrast to millet crops. Only 16 barley seeds were unearthed at the LMC site, and no wheat was observed. This situation also occurs in the surrounding sites. At the Bayantala site, only 3 grains of barley were unearthed, and no wheat was found; at the Yongping site, only 4 seeds of wheat were found; and at the Lichunjiang site, no wheat crop was found. This shows that wheat crops were not widely promoted and used in the SRR during the Liaojin Dynasties.

In addition, Charred seeds of sorghum, buckwheat, oats, and soybean miscellaneous grains have been found at the LMC site. Sorghum was also found at the Lichunjiang and Yongping sites, with only individual seeds. Similarly, buckwheat was also found at the Yongping site and Bayantala site, and soybeans were only excavated at the Yongping site. Such miscellaneous grains in the SRR during the Liaojin Dynasties should also occupy a certain proportion of people’s preferred recipes.

Moreover, charred cannabis seeds were excavated from the Liaojin Dynasties LMC site, Yongping site and Bayantala site in the SRR, and the number of cannabis charred seeds excavated from the Bayantala site even reaching 167. From this, it can be inferred that cannabis, an economic crop, was already commonly cultivated in the SRR during the Liaojin Dynasties.

All of the above provides evidence for the speculation on crop utilization during the Liaojin Dynasties in the SRR. The region is still a millet-based agricultural utilization model, but the proportion of the three types of foxtail millet, broomcorn millet and barnyard millet, varies from site to site, probably due to regional dietary differences. Wheat was not yet commonly cultivated in the region during the Liaojin Dynasties, and only a few seeds have been unearthed sporadically, which has a certain lag compared with the Central Plains during the same period, proving that the SRR may have been a relatively closed agricultural production unit during the Liaojin Dynasties. However, the excavation of non-staple food crops such as sorghum, oat, buckwheat, barley and soybean, proved that the region had a rich variety of crops, and this diversity of crops was obviously the result of cultural exchange.

This contradictory situation corresponded to the stage of agricultural development in the region at that time. The Liaojin Dynasties was a key period in the transformation of the production pattern of the SRR. Before the Liaojin Dynasties, the SRR was dominated by agricultural production methods, and during the Liaojin Dynasties, agriculture developed rapidly under the influence of the government’s policy of vigorously developing agriculture. Against this background, a relatively independent, but inclusive, pattern of crop utilization emerged and is expressed in archaeological sites, such as the LMC site, Bayantala site, Yongping site, and Lichunjiang site.




Conclusion

Based on the study of the flotation charred crop seed remains excavated from the LMC site, and combined with the charred crop seed remains excavated from surrounding sites of the same period, the following conclusions can be drawn:

	The millet-based crop cultivation strategy is still the main strategy for agricultural production in the city and even in the region during the Liaojin Dynasties, supplemented by sorghum, buckwheat, oats and other miscellaneous cereal cultivation. Among the three millet crops, barnyard millet has a very important position. This strategy may be related to the superior natural environment of Northeast China and the social environment of mixed ethnic groups.

	During the Liaojin Dynasties, the crop structure of the entire SRR showed a certain regional independence. However, within this seemingly relatively independent area, there are some differences between sites, showing different characteristics of agricultural production. This contradiction is due to the historical background of the migration of the agricultural population during the Liaojin Dynasties.
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Fiber technology (cordage and textile) has played a central role in all human societies for thousands of years, and its production, application and exchange have deep roots in prehistory. However, fiber remains have only rarely been observed in prehistoric sites because they tend to decay quickly in normal environmental conditions. To overcome preservation problems of macroscopic remains, we employed microbotanical analysis on soils from anthropogenic sediments in activity areas at Tel Tsaf in the Jordan Valley, Israel (ca. 5,200–4,700 cal BC), and recovered fiber microremains. This includes at least two types of bast fibers and the earliest evidence of cotton in the Near East, some of which were dyed in various colors. Some of these fibers likely represent the remnants of ancient clothing, fabric containers, cordage, or other belongings. The cotton remains, probably derived from wild species originating in South Asia, predate the oldest known cotton domestication in the Indus Valley by about two millennia. Tel Tsaf played a pivotal role in trans-regional trade and exchange networks in the southern Levant, and the presence of cotton at the site points to possible connections with the Indus Valley as early as 7,200 years ago.
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1  Introduction

Fiber technology (including cordage and textiles) has played a central role in human societies for tens of thousands of years, and its production, application, trade, and exchange have deep roots in prehistory (Barber, 1991; Gilligan, 2010; Sabatini and Bergerbrant, 2020; Schier and Pollock, 2020). This was recently exemplified by the rare find of a 46,000-y-old cord fragment made from inner bark fibers at the Neanderthal site of Abri du Maras in France (Hardy et al., 2020). However, cordage, and particularly textiles, have often been described as an invisible technology or “the missing majority” (Hurcombe, 2014) in archaeology because they tend to decay quickly in normal environmental conditions. Since the remains of actual prehistoric textiles are rarely found, it is often through a synthesis of available secondary evidence (e.g., texts, tools, and agrarian and pastoral practices) that textile production and exchange are reconstructed (McCorriston, 1997; Nosch et al., 2013). This preservation problem severely impacts our knowledge about the history of textiles in terms of their origins, materials, production, exchange, and usage.

In the ancient Near East, the earliest cord fragments (23,000 cal BP), made from a monocotyledonous plant, were recovered from the Upper Paleolithic site of Ohalo II in Israel (Nadel et al., 1994), but textile remains appeared in the archaeological record much later. The earliest and most used indigenous materials for producing textiles were local bast fibers, from plants such as flax, (Zohary et al., 2012; Bar-Yosef, 2020), and the bark of oak trees, which has been identified at Çatalhöyük, dating to ca. 8,500 years ago (Rast-Eicher et al., 2021). Cotton as a non-indigenous fiber was introduced to the Near East, and the earliest known cotton remains were reported from Dhuweila in Badia of eastern Jordan, dating to the Late Chalcolithic or Early Bronze Age (4,450-3,000 BC) (Betts et al., 1994). Production of wool from domesticated sheep was part of the Secondary Products Revolution (Sherratt, 1983). Some scholars believe that this technology may have been developed around the 4th millennium BC during the Late Chalcolithic period (Sherratt, 1983; Becker et al., 2016), while others have argued that wool processing developed as early as 7,000 BC in Mesopotamia as the first fiber of prestige before becoming more widely available (Breniquet, 2020).

Given that findings of macroscopic textiles are extremely scarce in prehistoric sites, the current archaeological record is insufficient for understanding textile production and use. This paucity is mainly a methodological problem, and more techniques are needed to help identify textiles and fibers from diverse archaeological contexts. Several recent studies based on micro-remain analysis have proven effective in recovering some “invisible” fibers and textiles in various archaeological contexts. The earliest plant microfibers on stone tools, although not necessarily related to tool function, have been recovered at the Paleolithic site of Schöningen in Germany, dating to ca. 300,000 BP (Rots et al., 2015). Bast microfibers, perhaps for making cords, waving baskets, or sewing garments, have been found in 30,000-year old Upper Paleolithic deposits at Dzudzuana Cave, Georgia (Kvavadze et al., 2009; Kvavadze et al., 2010a). Abundant microfibers, predominantly bast but also wool, have been recovered in soil samples throughout the entire deposits of eight stratigraphic layers, measured 15 m in depth, at Locality 29 in the Shizitan site cluster, north China, dating to 28,000-13,500 cal. BP (Song et al., 2017). Residue analysis of boulder mortars from a Natufian site at Raqefet Cave, Israel, has also revealed bast microfibers, which were probably used to make bags or baskets around 13,000 years ago (Liu et al., 2018). A systematic analysis of microfossil remains on human calculus and burial site sediment samples from Luistari cemetery in Finland (ca. 600-1200 cal. AD) has recovered phytoliths, parasite eggs, bast and animal fibers, and feathers, when few other grave goods are preserved (Juhola et al., 2019). These findings demonstrate that microfibers can survive in anthropogenic sediments for a very long time and can be examined under light microscopes. The studies of such micro-particle remains, often described as a type of Non-Pollen Palynomorph (NPP), have demonstrated a great potential for the reconstruction of human activities (Henry, 2020; Shumilovskikh and Geel, 2020; O’Keefe et al., 2021). Following this line of investigation, we employed microbotanical analysis on sediment samples collected from the Middle Chalcolithic site at Tel Tsaf in Israel (ca. 5,200–4,700 cal. BC) to test for the presence of fibers.


2  Materials and methods

2.1  Archaeological background

Tel Tsaf is located in the Middle Jordan Valley, Israel (Figure 1A). The site covers ca. five hectares and consists of three low hills that were formed by laminated layers of sediment deposited by the Pleistocene Lake Lisan (Garfinkel et al., 2020) (Figure 1B). The excavations in Area C, where the current samples were taken from, revealed the following stratigraphic sequence: (I) Meagre and scattered remains belonging to Late Byzantine to Early Islamic activities immediately below the site topsoil; (II) A sterile layer of fine yellowish sediment distributed over part of the site, probably deposited by wind, reaching over 1 m in thickness at the highest point of the tel; (III-IV) Middle Chalcolithic remains, ca. 2 m in thickness, characterized by massive, well-built, mudbrick rectilinear elements of buildings (Garfinkel et al., 2007; Garfinkel et al., 2020) (Figures 1C-F). The exceptional organic preservation at the site and its chronological location made this site a perfect candidate to study subsistence strategies during the Neolithic-Chalcolithic transition in the Near East (Rosenberg and Klimscha, 2021).



Figure 1 | Site locations and major remains in Area C at Tel Tsaf. (A) Location of Tel Tsaf and sites associated with early cotton discussed in this study; (B) locations of Areas C, E, B at Tel Tsaf, viewed from the west (arrow pointing to the central high mound of Area C); (C) Room C70 and associated structures in Building CI (Courtesy of Y. Garfinkel); (D, E) sampling areas, showing pottery concentrations; arrows mark their approximate locations; (F) plant view of Area C, showing Middle Chalcolithic architecture, the areas where soil samples were taken for this study, and locations of late intrusions; (G) a Ubaid sherd found near Room C70; (H) obsidian beads found together in Room C70; (I) a copper awl found with Burial C555 near Room C70. (F, I) original image courtesy of Y. Garfinkel.



The site includes many types of objects indicative of long-distance contacts. This includes the earliest evidence for metallurgy in the southern Levant: a small copper awl found in the silo grave of a woman, its copper shown to be of non-local origin (Garfinkel et al., 2014). Other artifacts of distant origins include north Levantine Ubaid pottery and a clay stamped sealing; non-local figurines and beads, including Anatolian obsidian beads and other artifacts; and shells from the Nile River and Mediterranean Sea (Garfınkel et al., 2009; Freikman et al., 2021; Rosenberg and Klimscha, 2021) (Figures 1G-I). These non-local artifacts suggest that people at Tel Tsaf had connections with remote social groups, or at least engaged in trade with surrounding regions situated within long-distance networks. In addition, no artifactual evidence indicates that the site was associated with fabric production. Given its special nature, Tel Tsaf is an ideal locality to explore the possible early use and spread of various textiles as a new dimension in the development of long-distance trade in the Near East.


2.2  Methods

In the current study at Tel Tsaf, we collected 16 in situ soil samples from floors and under floors in Room C70 in Building CI as well as from surfaces north of Room C377, located just to north of and under the courtyard of Building CI, all from Area C. The sampling spots were about 1 m below the site’s surface. Although some scattered Byzantine/Islamic remains were found at site, they did not intrude on the sampling areas and no significant presence of later artifacts was found on top of the sampling areas (Figure 1F). It is also unlikely that groundwater activities could have caused significant downward movements of microfossil remains in this dryland environment with annual rainfall of ca. 270 mm (Israel Meteorological Service). Given these conditions, it is unlikely that microbotanical remains in these samples are primarily later intrusions, especially if they occur in high numbers and are large in size. To test for possible contamination, we collected four control samples from the topsoil at and around the site (Table 1).

Table 1 | Tel Tsaf sample and fiber record.



The soil samples from Building CI are regarded as remains of the living environment during the site occupation period. The soil samples are derived from two depositional contexts. One group are sediments from the interior surfaces of eight unwashed pottery sherds, including bowls, jars, and unidentified body fragments found in situ. Since the sherds may have been discarded after the pots were broken and remained in their depositional contexts for a long period of time, these sediment samples are likely to contain a mixture of residues derived from vessel use, local anthropogenic activities, and broader environmental vegetation in antiquity. The other group are eight soil samples near these sherds, which likely contained micro-remains from both anthropogenic contexts and the broader environment. They were labelled as -1 (on the sherd) and -2 (in the soil near the sherd) after the sample number (Table 1).

Pottery sherds were collected at the site and immediately wrapped in tin foil that was placed in a sealed plastic bag, and then the sediment on the interior surface of each sherd was scraped off with a clean metal blade and placed in tin foil in the Laboratory for Ancient Food Processing Technologies at the Zinman Institute of Archaeology, University of Haifa. The additional soil samples near the sherds were taken in the field and directly put in tin foil and sealed plastic bags. The sample collection processes were carried out with great care to prevent contamination in the field and the lab.

All the samples (each about 100 mg, and totaling about 1.6 g) were processed for microbotanical analysis in the Stanford Archaeology Center, Stanford University, with standard protocols. This involved two procedures: (1) EDTA (ethylenediaminetetraacetic acid; 0.1%) dispersion to release microparticles, such as fibers, from small soil microaggregates; and (2) SPT heavy liquid (sodium polytungstate, density 2.35) separation to extract microbotanical remains (Liu et al., 2018). Extracts were mounted in a 1:1 (vol:vol) solution of glycerol and distilled water on glass slides, covered with coverslips, and sealed with nail polish.

Previous studies have often employed SEM imaging for fiber identification, and the cross-section of fibers has been used as an essential variable for separating different fibers (Betts et al., 1994; Suomela et al., 2017; Lukesova and Holst, 2020). This method is highly effective if the observed objects are actual fibers or textiles. In our case, microfibers are found on sealed slides, thus it is not possible to use SEM method for observation. Nevertheless, researchers have demonstrated the high efficacy of polarized light microscopy for examining morphological features on plants used in textiles, achieving taxonomical identification (Paterson et al., 2017). A recent development in accurate identification of fibers is the modified Herzog test) also known as the red plate test). It helps determine different bast fibers by analyzing fibrillar orientation (either S-twist or Z-twist). Fibers oriented in angles at 0° and 90° were recorded for identification; the colors are expected to shift from blue at 0° to red or yellow at 90° for Z-twist fibers (in hemp and jute), and the expected color change is just opposite for S-twist fibers (in flax and nettle).This method also helps separate bast fibers from cotton, which does not have a well-defined fibrillar angle, thus will show rapid color change along the fiber (Bergfjord and Holst, 2010; Haugan and Holst, 2013).

In view of these advances, we first examined morphological structures of the microfibers under a Zeiss Axio Scope A1 fitted with polarizing filters and differential interference contrast (DIC) optics, at 100×, 200× and/or 400× magnifications; and images were taken using Zeiss Axiocam HRc digital cameras and Zeiss Axiovision software Version 4.9. We then tested the presence of fibrillar orientation on fibers following the method illustrated in published reference (Haugan and Holst, 2013). This part of analyses was performed with a Nikon Eclipse E200 microscope fitted with polarizers and a red tint plate (530-nm full wave compensator), and images were taken using Pixe LINK PL-D775 UC digital camera software.

Fiber morphological identifications are based on published information, as well as our modern reference collection of plant and animal fibers purchased from market (raw cotton from Organic Cotton Plus, dyed cotton yarn from BambooMN, hemp fiber from Living Dreams Vegan Yarn and Fiber, natural flax from MK Unique Designs, and wool yarn from Kondoos). It is not practical to remove specific microremains sealed on slides for 14C dating, and recovered microfibers occur in quantities too small to be AMS dated. Therefore, we rely on the dates obtained from the Middle Chalcolithic (all fall within the 5,200-4,700 cal BC range) materials uncovered in the same stratigraphical contexts at the site, a practice commonly employed in the studies of microparticles (such as starch, phytolith, and pollen remains) from sediments.

The laboratories at the Stanford Archaeology Center have been regularly cleaned and tested to ensure that ancient samples are not contaminated by the environment or equipment (Crowther et al., 2014). Given our strictly controlled sampling and processing procedures, in addition to the site taphonomy and very small quantities of soil samples as described above, it is highly unlikely that the abundant fibers found in the samples (see below) were significantly affected by modern contamination. It is important to note that no synthetic fibers were identified in the samples taken (sherds and soil sample alike). Since most modern clothes are made of blended or synthetic fibers, the absence of synthetic fibers is indicative of the ancient origins of fiber remains analyzed.



3  Results

3.1  Fiber remains

A total of 123 fibers were recovered from all 16 samples (Table 1), and identified as bast, cotton (Gossypium sp.), animal hair, or unidentifiable based on their morphology. Many are not identifiable to taxon (UNID; n=42; 34.1% of the total fibers retrieved) due to their lack of diagnostic features or heavy damage. Most fibers are fragmentary and/or weathered, but a few are well preserved. Such preservation is possible because fibers were trapped in small soil microaggregates, as described in Haslam (2004) study of starch.

Bast is the most frequent fiber type, found in 14 samples (n=62; 50.4% of the total; 87.5% ubiquity). The most common bast fibers in the ancient Near East include flax (Linum), hemp (Cannabis), and jute (Corchorus), of which only flax (the earliest one documented in the archaeological record) is considered as a native plant (Strand, 2012). Bast fiber can be identified by its segmented structure with transverse dislocations or nodes (Goodway, 1987; Bergfjord and Holst, 2010) (Figures 2A1-B1). In some cases, very thin bast fibers exhibit twisted ribbon forms, but they maintain visible transverse lines on the surface, as we observed on flax and hemp in our reference samples (Figures 2B-D), a pattern consistent with those normal fibers.



Figure 2 | Comparison of modern and ancient bast fibers. Modern bast fibers: (A) Flax, showing segmented structure with transverse dislocations or nodes (pointed with arrows in A1); (B) hemp, showing segmented structure with transverse dislocations or nodes (pointed with arrows in B1); one fiber with twisted ribbon formation (pointed with arrow); (C) and (D) flax and hemp, showing a ribbon-like form with multiple transverse lines on the flattened surface. Tel Tsaf bast fibers: (E) undyed fiber; (F) fiber dyed in pink (C–F same fiber shown in brightfield and polarized views; arrows pointing to transverse dislocations).



Although these morphological features can help distinguish bast from cotton and wool, it is not easy to separate different types of bast fibers, and the characteristic traits used for identification have been controversial (Bergfjord and Holst, 2010; Haugan and Holst, 2014). In this situation, the modified Herzog test is necessary.

In Tel Tsaf samples, bast fibers show small cross-section diameter (5.84-27.77 µm in thickness, with an average of 14.32 µm) and nodes forming a segmented structure (Figures 2E, F). When examining them with the modified Herzog test, both S-twist and Z-twist are present (Figures 3A-D). It is known that flax shows S-twist, while hemp and jute show Z-twist (Bergfjord and Holst, 2010: Table 1); thus, the bast fibers at Tel Tsaf include at least two plants. Given that flax, hemp, and jute were the common bast fibers in the ancient Near East (Strand, 2012), flax, as a local plant with S-twist fiber, would be a likely candidate, but it is not easy to pinpoint specific taxa from the Z-twist fibers, which could be hemp and/or jute. Thus, we do not identify them more specifically.



Figure 3 | The modified Herzog test performed on Tel Tsaf fibers. To the left the sample orientation angle is 0°, to the right the sample orientation angle is 90°; (A, B) bast fiber showing S-twist; (C, D) bast fiber showing Z-twist; (E, F) fiber showing no well-defined fibrillar orientation, but rapid color change along the fiber, consistent with cotton.



Cotton (Gossypium sp.) fibers are the second most represented, identified in six samples (n=17; 13.8% of the total; 37.5% ubiquity), all found inside Room C70 (Table 1). A cotton fiber has a multilayered structure, which consists of a primary wall, a secondary wall and a lumen. Under the microscope, a cotton fiber looks like a twisted ribbon or a collapsed and twisted tube. Cotton fibers are normally 12-60 mm in length and 12-22 µm in diameter and exhibit some variations in morphology. The mature fiber, before it dries, appears as a long cylinder. When mature fibers dry, they twist and flatten slightly. If fibers die before sufficient secondary wall develops, they are considered to be immature; such fibers form flat ribbons, lack convolutions, and exhibit abrupt bends and flat twists (Figures 4A-D) (Seagull and Alspaugh, 2001:44-51). In most cases, the surface of the flattened medulla is smooth, but some show oblique networking (Kvavadze et al., 2010b: Figure 5). We have observed such network patterns in our reference cotton samples (Figures 4E-G), which clearly differ from those transverse lines present on ribbon-like bast fibers (Figures 2C, D). Therefore, the characteristics of the surface pattern are significant for separating cotton from bast fibers when twisted ribbon fibers are encountered in ancient samples.



Figure 4 | Structure and morphology of modern cotton fibers. (A) Multi-layered structure of cotton fiber; (B) mature fibers before dried, appear as long cylinders with thick cell walls (arrows); (C) Dried mature fibers twisted and flattened, showing the convolutions of the fibers; (D) Dried immature fibers form thin, flattened ribbons, and exhibit abrupt bends and flat twists (after Seagull and Alspaugh, 2001: figs. 41, 45-47); (E) cotton fibers showing different morphology in one sample, comparable to B-D; (F) cotton fiber showing relatively smooth surface; (G) cotton fiber showing oblique networking.



In the Tel Tsaf samples, the fibers identified as cotton are characterized by a ribbon-like form and flattened medulla. Some are twisted spirally or irregularly (either clockwise or counterclockwise), the edges are thickened, resembling the mature cotton fibers. Some long ribbon-like fibers show no signs of the segmented structure that characterizes bast (Figure 5E). Some fibers appear as flat ribbons with abrupt bends (Figure 5B), similar to those immature fibers in our modern sample (Figures 4D, E). Some fibers show traces of networking (Figures 5A-D), also comparable with modern cotton samples (Figure 4G). The width range is 12-47 µm, which is greater than the undamaged, modern cotton sample in our database (14-27 µm; 22.42 µm on average); this size difference is probably due to damage. When the modified Herzog test was performed, these fibers exhibited rapid color change as expected for cotton described in published information (Haugan and Holst, 2013), further confirming the morphological identification (Figures 3E, F).



Figure 5 | Cotton fibers from Tel Tsaf. (A) Fiber resembling mature cotton, twisted ribbon form with oblique networking (in brightfield and polarized views); (B) fiber resembling immature cotton, flattened ribbon-form, abruptly bend and twist with oblique networking; (C) fiber resembling mature cotton with networking patterns; (D) details of network pattern (in polarized and DIC views) from one location (red square) of the long fiber in E; (E) a long, twisted ribbon-like fiber, without transverse dislocation or nodes (red arrows pointing to network patterns).



Animal hairs are the least represented in the assemblage, found in two samples only (n=2; 1.6% of the total, 12.5% ubiquity). Animal hairs are characterized by a round cross-section and scaled surface patterns (Goodway, 1987). The two animal fibers in our samples are heavily worn, but their scale patterns seem to match to those of sheep’s wool when compared with published materials and our reference collection (Figures 6A, B). However, since only two animal fibers were present, it is uncertain if they were from woolen textiles. They are not discussed any further in this paper.



Figure 6 | Comparison of ancient and modern wool and dyed fibers. (A) Wool from Tel Tsaf; (B) modern sheep wool; (C–E) dyed fibers from Tel Tsaf; (F) modern undyed cotton; (G) modern dyed black cotton; (C–G) each sample showing brightfield/DIC and polarized views).



Although the UNID fibers were not assigned taxonomically, their general forms are more like plant fibers (perhaps bast) than wool. The four control samples from the surface soils yielded nine fibers in total, of which seven are identifiable as bast fibers and two are too damaged to be identified. No cotton or animal fibers were found in the control samples (Table 1). The number of fibers (n=1-3; 2.5 on average) in the controls are much lower than those in most of the residue samples (n=1-22; 7.7 on average). Therefore, the higher fiber densities in the residue samples suggest that these fibers were most likely in situ, based on comparable experimental study of microparticle movements in soil (Therin, 1998). The identifiable fiber type (bast only) in the controls also clearly differs from those in the ancient residue samples (bast, cotton, and wool). These differences between ancient and control assemblages further confirm the authenticity of fibers from residue samples. These multiple lines of evidence thus rule out the possibility of later contaminations of the ancient fiber assemblage.


3.2  Dyed fibers

Some fibers appear to be dyed. Natural fibers are birefringent under polarized light, and dyed and undyed fibers exhibit different colorations microscopically based on our modern reference database. Undyed natural cotton and bast fibers, if not damaged, normally appear polychromatic in both brightfield and polarized views, the colors of the same fibers in the two microscopic views do not necessarily match one another (Figures 2A-D, 6F). These phenomena have been found in some cotton and bast fibers from Tel Tsaf, indicating their undyed conditions (Figures 2E, 5A, D, E). When fibers are dyed, the same color is almost uniformly exhibited in both brightfield and polarized views, also closely resembling the color on actual dyed fiber (Figure 6G). Thus, these characteristics were used here to distinguish dyed and undyed fibers and infer their original colors. As a result, 24 dyed fibers were found in the assemblage (from bast, cotton and UNID), and colors include blue (n=16), pink (n=3), purple (n=1), green (n=1), and brown/black (n=3) (Figures 2F, 5B, 6C-E).



4  Discussion

4.1  Authenticity of microbotanical remains

Microbotanical remains, such as plant fibers, starch, and pollen, have often been recovered from deep archaeological sediments, and their age, mechanisms of preservation, and authentic connections with anthropogenic materials have been the subject of research (Haslam, 2004). There is a lack of quantitative study of the diachronic degradation of archaeological fiber microremains. Plant fibers are generally composed of cellulose, which is made of glucose molecules, like starch, and can be degraded by enzymatic activities from fungi and bacteria in the environment (Kuhad et al., 1997; Haslam, 2004). The conditions resulting in the longevity of starch remains in sediments have been investigated and can be used here as references. Starch granules associated with small soil microaggregates (<53-250 µm) tend to survive much longer than those associated with macroaggregates (>250 µm) in sediments; this is because the organic materials in the former condition are less subjected to fungi and bacteria-induced enzymatic activities (Guggenberger et al., 1999; Haslam, 2004). Studies of downward movements of starch in sediments similar to wet tropical environments with four meters of rain per year indicate that starch grains move under the influence of groundwater. However, only smaller grains (0-5 µm in size) travel more freely, while large grains generally do not move notable distances. These studies thus concluded that the high frequency of starch grains found in archaeological sediments and on artifacts is not the result of large scale movement (Therin, 1998; Haslam, 2004). In addition, the survival of microfibers in sediments is also related to soil type. It is known that the pH value of soil affects preservation of animal and vegetal fibers differently: vegetal fibers survive better in alkaline conditions (above 7.0), whereas protein-based animal fibers, such as wool, preserve better in slightly acidic environments (below 7.0) (Cybulska and Maik, 2007).

These studies indicate that microfossils, including fibers, found in archaeological deposits are not necessarily the results of post-depositional contamination due to downward movements of microremains in the sediments, but careful analysis of taphonomic processes is needed to exclude possible later intrusions.

In the current study, abundant vegetal fibers found in anthropogenic sediments at Tel Tsaf may be attributable to two main factors. First, the site was a locality of intensive human activities with rich macro and micro material remains. Second, the soil at the site is alkaline, with a pH value range of 7.71–8.06 (Hubbard, 2015: table 3.29), and the alkaline soils are likely to help the preservation of vegetal fibers as discussed earlier (Cybulska and Maik, 2007). From here, we focus exclusively on the vegetal fibers recovered.


4.2  Multiple bast fiber textiles in the southern Levant

The history of textile production in this region goes hand in hand with advances in the domestication of plants and animals and the development of specific tools for cutting and processing fibers. The earliest concrete evidence for textiles is dated to the Pre-Pottery Neolithic B at Nahal Hemar Cave in Israel (ca. 7,700–7,100 cal BC), where fragments of flax textiles were discovered (Schick, 1988). Stone items reflecting textile production (such as spindle whorls) appear in the record during the advent of farming communities in the region, as early as the Pre-Pottery Neolithic period C (ca. 7,000–6,400 cal BC) or slightly earlier and are made of mainly limestone (Rosenberg and Garfinkel, 2014). Later, with the first appearance of pottery in the southern Levant, in the context of the Yarmukian culture of the Pottery Neolithic period, these whorls are also made of clay, either reworked sherds or specifically made clay whorls (Rosenberg and Garfinkel, 2014). Indeed, most Neolithic and Chalcolithic fabrics and textiles from the southern Levant have been reported as flax-made (Bar-Adon, 1980; Schick, 1998; Shamir, 2014; Langgut et al., 2016). Thus, flax has been regarded as the dominant material of textiles until the emergence of wool textiles, probably around the Middle Bronze Age, ca. 1,950–1,500 cal BC (Shamir, 2014; Shamir, 2015; Shamir and Schick, 2019). This view, however, is now questioned by the bast fibers showing both S-twist and Z-twist fibrillar orientations in the Tel Tsaf assemblage. The current finding suggests that multiple bast fiber plants, including not only flax, but also hemp and/or jute, may have already present by the Middle Chalcolithic in the region.


4.3  The earliest cotton

The cotton fibers found at Tel Tsaf are the earliest known evidence of this non-indigenous plant in the Near East (Figure 1A). Today there are four cultivated cotton species in the world. Two of these are of South and Central American origins, whereas the other two are of the Old World. The two Old World cotton species, both closely related diploids, are Gossypium arboretum from the Indian subcontinent and Gossypium herbaceum from Africa, which were domesticated independently as demonstrated by DNA analysis (Fuller, 2008; Renny-Byfield et al., 2016; Viot, 2019).

The Indus Valley has been suggested as a possible center of domestication and diffusion of G. arboreum (Fuller, 2008). The earliest known evidence for actual cotton fibers comes from the Aceramic Neolithic period I at the Mehrgarh burial site in central Balochistan, Pakistan. Here, cotton fiber threads used to string copper beads were recovered, dating to the first half of the 6th millennium BC (Moulherat et al., 2002), roughly within the range of 6,000-5,500 BC. The earliest known cotton fabric is a small fragment of cloth adhering to the lid of a small silver vase found at Mohenjo-daro, dating to 3,000-2,750 BC (Gulati and Turner, 1929). Based primarily on evidence from seeds (Fuller, 2008), cotton domestication is hypothesized to have occurred during the time of the Harappan civilization (2,600-1,900 BC).

Archaeological cotton records in Africa are much later than those in South Asia. At least 15 sites in northeastern Africa and western Arabia have revealed cotton remains, dating from the 1st century BC to the 7th century AD (Bouchaud et al., 2018). Ancient DNA analyses conducted on cotton seeds from Qasr Ibrim, Egyptian Nubia (4th century AD; Figure 1A) have determined the species to be G. herbaceum, which helps to clarify the African origin of ancient Egyptian cotton (Palmer et al., 2012).

In the Near East, the earliest cotton remains were previously reported from Dhuweila, in the Badia of eastern Jordan, where fibers and impressions of a woven cotton fabric were found on the surface of lime plaster, dating to a context of the Late Chalcolithic or Early Bronze Age (ca. 4,450-3,000 BC). Since the site does not lie on any important transportation routes, it was suggested that these fabric fragments found their way to the site through casual visits by nomadic hunters or shepherds (Betts et al., 1994). Microscopic cotton fibers have also been recovered from the burial contexts at Saphar-Kharaba, southern Georgia, dating to the Late Bronze Age (15th-14th centuries BC), where people used mainly flax and cotton textiles for funerary clothing and other burial materials. The presence of cotton in this region was attributed to trade relations between the southern Caucasus and the Indus valley (Kvavadze et al., 2010b). Later, the evidence for cotton as a cultivated fiber and woven textile was found at a royal Assyrian burial at Nimrud in modern day northern Iraq, dating to the 8th century BC (Toray Industries, Inc, 1996; Álvarez-Mon, 2015) (Figure 1A).

These findings show that the actual cotton textiles appeared in the archaeological record in Iraq about 500 years later than cotton microfibers as remnants of textiles in Georgia, which is further away from the source of cotton domestication in the Indus valley. Thus, cotton products may have been moved around through trade, exchange, or casual contacts by people long before evidence for the presence of actual textiles in the archaeological record. The cotton remains found at Dhuweila exemplify such an early movement. Notably, Tel Tsaf, ca. 200 km west of Dhuweila (Figure 1A), was located within a trade network and more likely to have engaged to long-distance communications. Also, in addition to cotton fibers, many artifacts with foreign origins (e.g., an Ubaid sherd, obsidian and olivine beads, tokens, figurines, and a copper awl) were found inside or near Room C70 at Tel Tsaf (Figures 1G-I) (Garfinkel et al., 2014; Rosenberg and Klimscha, 2021; Rosenberg et al., 2022a; Rosenberg et al., 2022b). This room appears to have been a locality of intensive activities with people associated with long-distance exchange.

The well dated cotton fibers found at Tel Tsaf were several hundred years later than the cotton strings from the Mehrgarh copper beads, but at least 300 years earlier than the cotton fabric from Dhuweila in Jordan. These cotton remains are likely from a wild species, as they predate the presumed cotton domestication date, as determined by seeds from the Harappa civilization in the Indus valley for some two millennia (Fuller, 2008). As so far there is no evidence of cotton cultivation in the Levant during the Chalcolithic period, the cotton fibers found at Tel Tsaf must have come from one of the possible Old World source locations (Indus valley or Africa). The cotton finds from Africa are much later than those of Tel Tsaf, whereas the cotton remains from Tel Tsaf and Dhuweila are in spatial proximity. The current evidence thus supports an Indian subcontinent source for the Tsaf cotton, similar to what has been suggested for Dhuweila (Betts et al., 1994).


4.4  Dyed fibers

Natural dyes used to color fibers are generally soluble organic compounds that can be extracted from plants, parasitic insects, and secretions of a sea snail. Many species of plants were widely used for dyes around world. For example, indigo blue, one of the earliest blue dyes, was made from plant indigo (Indigofera tinctoria), possibly originated in ancient South Asia; and the most common yellow dye was obtained from safflower (Carthamus tinctorius), which was grown in Egypt and Iran (Ahmed, 2009; Melo, 2009). The archaeological and textural records have revealed that dyeing textiles and threads began at a very early date and developed with an increasing range of colors, techniques and color sources (Barber, 1991; Abel, 2012:223-243; Melo, 2009). The earliest known examples have been traced to the Upper Paleolithic times. For example, the remains of black, gray, turquoise, and pink colored bast fibers were found in the 30,000-year-old deposits at Dzudzuana in Georgia (Kvavadze et al., 2009). Likewise, at the Upper Paleolithic site of Shizitan Locality 29 in north China, significant numbers of dyed bast and wool fibers have been identified from depositional layers 1-7, measuring more than 11 meters in depth (ca. 26,000-13,500 cal. BP); and the colors include blue, gray, pink, brown, and black (Song et al., 2017). In the Near East, dyed threads were reported from the early Neolithic site of Çatalhöyük in Turkey (ca. 9,400-8,200 cal. BP), where Mellaart found a number of broken beads with traces of red inside the string holes (Mellaart, 1967:219). In the Levant, a scrap of red and perhaps also green woolen cloth was found in the Late Chalcolithic Cave of the Treasure at Nahal Mishmar, Israel (Bar-Adon, 1980). These examples indicate that dyeing technology was developed long before the Chalcolithic period, and this decorative method may have commonly applied to strings and textiles in many parts of the world. The fibers dyed in multiple colors at Tel Tsaf may have come from people’s colorful clothing or threads for stringing beads, among other objects.



5  Conclusions

Microparticle analyses have long been employed in the study of pollen, phytolith, starch granules, and other materials, but few attempts have been made to investigate microfibers in archaeological contexts. The rarity of actual textile remains in the archaeological record has affected our understanding of an important aspect of human history related to ancient technologies and social interactions. The current research demonstrates the effectiveness of microfiber analysis, which has only been sporadically employed previous for overcoming the preservation problems with fibers and textiles. The presence of a substantial number of prehistoric microfibers from anthropogenic sediments at Tel Tsaf, together with similar remains previously reported from a few sites in Israel and Georgia, indicates the great potential for identifying archaeological fibers, which has been largely overlooked in most excavation and sampling strategies.

Tel Tsaf was an important settlement, which played a pivotal role in trans-regional interaction networks during the Middle Chalcolithic period. A variety of non-local material items found at the site point to its connections with remote social groups in all directions. The new evidence of multi-color cotton and bast fibers in living areas add another dimension to the complex social activities at the settlement. If Tel Tsaf was a part of larger trade networks, the presence of some non-local goods may have been associated with movements of people from far away. The uses of non-local fibers at the site, for example from travelers’ clothing or belongings, would be an interesting research topic for future studies.

The new finds from Tel Tsaf place the appearance of cotton in the Near East several hundred years earlier than previously thought, thus shedding new light on trans-regional interactions, bridging the Levant and South Asia during the early phases of increasing social and economic complexity in this part of the world. It is not possible to determine if the cotton from Tel Tsaf was wild or domesticated based on microremain analysis. Nevertheless, if some of these cotton fibers were of textiles or strings originated in Indus Valley during the early fifth millennium BC, one would have to ask if the timing of cotton domestication in its source may have been earlier than the third millennium BC as previously suggested, or if wild cotton products were more prevalent than previously thought. The finding of bast fibers likely including flax and other plants also sheds new light on the diverse fiber technologies in the Chalcolithic Near East.
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   Introduction

For future vegetation projections and conservation planning in grassland ecosystems, accurate estimates of past plant cover changes in grassland composition and their responses to the various driving factors are essential. This study quantitatively reconstructs the past regional plant cover in the Songnen grasslands (northeastern China) and explores the relative importance of climate, fire, and human activity on vegetation dynamics.


 Methods

For this purpose, the Regional Estimates of Vegetation Abundance from Large Sites (REVEALS) model is applied to three pollen records from two areas, two in the center of the Songnen grasslands and one located in an area marginal to the grasslands.


 Results

Results from the most reliable REVEALS scenarios show that from the mid-Holocene, steppe (mean cover 40.6%) and dry steppe (mean cover 54.2%) alternately dominated the central part of the Songnen grasslands while the marginal grasslands were mainly characterized by alternating broadleaved forests (mean cover 26.3%), coniferous forests (mean cover 41.9%) and dry steppes (mean cover 30.1%).


 Discussion

By comparing the plant cover results with previous published regional climate, fire and human activity records, the results show that long term vegetation dynamics were mainly driven by East Asia Summer Monsoon (EASM) and the related precipitation variations, but was also affected by fire frequency and human activity. Moreover, vegetation evolution was sensitive to abrupt cooling events including the 4.2 ka BP and stacked ice-rafted debris (IRD) events; the change from steppe to dry steppe, for example, was driven by these abrupt climate changes. Fire events can alter the original vegetation stability allowing the vegetation to respond rapidly to climate changes while human activity merely has limited influence on vegetation changes.




 Keywords: holocene, pollen, REVEALS (Regional Estimates of Vegetation Abundance from Large Sites) model, 4.2 ka BP event, EASM 

  1. Introduction.

Grasslands represent about 40% of the Chinese land cover. These landscapes are expected to change significantly over the next few decades because of ongoing global warming and an increase in human activities such as overgrazing and land reclamation (Wang et al., 2007; IPCC, 2014). These climate and land-use changes will undoubtedly affect grassland ecosystems via alterations in biogeochemical cycles, species composition, spatial distribution of plant communities, and other characteristics (Zhou et al., 2005; Zuo et al., 2009; Zhai et al., 2021). In addition, human impacts on grasslands might accelerate the degradation of these ecosystems and further advance desertification. Such alterations would hamper economic development in the area in the future (Niu et al., 2008; Ren et al., 2017).

In the northeastern part of China, the Songnen grasslands, also known as Songnen sandy lands, occupy a critical location at the transition between the eastern margin of the inner Mongolia temperate grasslands, the Horqin sandy land, and the forests of the Greater Khingan Mountains (Daxinganling) (Song et al., 2012). During the past few decades, intense human influences have resulted in deterioration and severe salinization of the Songnen grasslands (Wang et al., 2009; Sun et al., 2013). From 1980 to 2015, the extent of saline lands in the region increased approximately 20% and most grasslands are expected to be transformed to saline lands in the near future (Wang & Li, 2018). To reverse this increasing land salinization, a series of ecological protection policies would have to be established and implemented (Doren et al., 2009; Cao, 2011). In addition, the understanding of the long-term perspective of change in vegetation composition and dynamics and their driving forces is necessary to provide insights into the potential effects of future grassland management strategies for natural vegetation restoration (Li et al., 2018).

Fossil pollen records are reliable archives to provide past vegetation information from several centuries to millennia and from local to regional spatial scales (e.g. Davis and Brubaker., 1973; O’Dwyer et al., 2021; Chen et al., 2023). In the Songnen grasslands, pollen analyses have been used to reconstruct late Pleistocene changes in the regional vegetation (Li, 1991). Those studies were conducted on sand dune palaeosols. Results suggested that the grasslands were dominated by Artemisia and Chenopodiaceae plants during the Holocene (Li, 1991; Qiu et al., 1992; Li & Lv, 1996). However, those findings were challenged by the vegetation pattern proposed in recent research based on phytoliths, which shows Poaceae-dominant grasslands as a major vegetation component in the region since the early Holocene (Li et al., 2018). Several possible explanations could account for this discrepancy. First, phytoliths are essentially deposited in situ and therefore a phytolith assemblage reflects the local vegetation rather than regional plant communities (Strömberg et al., 2018), whereas a pollen assemblage is assumed to represent a mix of local and regional plant taxa. Second, pollen studies from palaeosols have low temporal resolution, and the pollen materials are poorly preserved in sandy sediments (Alexandre et al., 1997; Boyd, 2005). Third, the phytolith and pollen data are typically discussed for each site individually, which may be insufficient for representing the general regional vegetation patterns (Nolan et al., 2018). Fourth, pollen data are discussed in terms of pollen proportion and no modelling schemes have been applied to correct the inter-taxonomic differences in production, dispersal, and deposition of pollen. This means that plants characterized by high pollen productivities and high transportation abilities are overestimated in the pollen proportion compared to the “real” vegetation (e.g., Sugita, 1994; Xu et al., 2007; Gaillard et al., 2008; Marquer et al., 2014; Marquer et al., 2020). To reduce the uncertainties associated with this fourth issue, the temporal resolution of the pollen archives must be improved and pollen-based vegetation modelling approaches should be performed to consider the production, dispersal, and deposition of the different pollen types in the vegetation reconstructions.

One of the most used pollen-based vegetation modelling approach to date is the REVEALS (Regional Estimates of Vegetation Abundance from Large Sites) model (Sugita, 2007; Hellman et al., 2008b). This model corrects for the pollen taphonomical issues mentioned in the previous paragraph by using input parameters that include relative pollen productivity estimates (RPPs), fall speeds of pollen (FSPs), pollen counts for specific time windows, size of the sedimentary basin, wind speed, dispersal models, and other factors. The REVEALS model quantitatively reconstructs plant cover for a given spatial extent (commonly 50–100 km); the exact extent of a reconstruction is chosen when running the model. Initially, one of the major assumptions for the use of REVEALS is that the sedimentary basin should be a large lake, i.e., a water surface area larger than 50 ha. However, REVEALS can also provide reliable estimates of plant cover for a group of small sites with various basin types including small lakes, bogs, and marshes (Trondman et al., 2016). Thus far, REVEALS has been widely applied to reconstruct Holocene land cover in different regions, especially Europe and China (e.g., Marquer et al., 2014; Trondman et al., 2015; Marquer et al., 2017; Cao et al., 2019; Li et al., 2020; Githumbi et al., 2022). REVEALS has rarely been applied to semiarid regions such as the Songnen grasslands.

Since the mid-Holocene, the global climate has experienced a series of abrupt-change events, such as the 4.2 ka BP and IRD events (Bond et al., 2001; Weiss & Bradley, 2001). These abrupt events have been mostly reported from the northern hemisphere including North America, Europe, and Asia (Booth et al., 2005; Drysdale et al., 2006; Berkelhammer et al., 2012). Previous research has shown that in northern China these events were characterized by a sudden shift from warm and wet to cold and dry climate conditions and have played significant roles in regional land-cover changes and collapse of civilizations (Ran & Chen, 2019; Scuderi et al., 2019). The response of the grassland ecosystem to these events, however, has not been fully studied.

The present study aims to reconstruct changes in the regional vegetation cover in the Songnen grasslands during the middle to late Holocene and to explore their driving forces. Three pollen records were used for this purpose. After evaluating the validity of the REVEALS model for Songnen grasslands, we selected the most reliable scenarios to reconstruct the mid to late Holocene vegetation changes in the Songnen grasslands. Finally, the outcomes from the vegetation reconstructions are discussed in the context of the past regional climate, fire records, and human activity to explore their main driving mechanisms temporal and spatially.


 2. Study region.

The study region consists of the Songnen grasslands (44°45′–48°20′N, 120°40′–126°00′E), which are located at the eastern margin of the inner Mongolia temperate steppe in Northeast China. Controlled by the East Asian monsoon system, the region is characterized by a semiarid climate with an average annual temperature of 3.5°C to 5.0°C from north to south, and an average annual precipitation of 360 mm to 480 mm from west to east. At least 70% of the total annual precipitation falls during the short summers resulting from the East Asian Summer Monsoon (EASM), which brings warm and humid air from the Pacific Ocean to the study region. The region is characterized by long winters generally starting in October/November and ending in May/June; dominant northwesterly winds in winter bring cold and dry air from central Asia (Li, 1994). Evaporation rates are high, about 1600 mm/year, and wind speeds vary from 3–6 m/s (Xiao, 1995; Jin et al., 2012).

The main geomorphological features of the region consist of sand dunes and interdune lowlands. Shrubs and xerophytic plants such as Artemisia, Chenopodiaceae, and Compositae grow on the sand dunes, while Poaceae (e.g., Leymus chinensis, Stipa baicalensis, and Arundinella hirta) dominate the interdune lowlands. Until recently, many saline lakes were distributed sporadically in the central part of the Songnen grasslands. In recent years, shrinkage of these lakes owing to global warming and intensified human activities has created saline lands that are characterized by xerophytic plant compositions similar to those found on the sand dunes.

Lake Dabusu lies in the south-central part of the Songnen grasslands. The lake has a surface area of approximately 37 km2 with a water depth varying seasonally between 0.5 and 1.5 m ( Figure 1 ). Sedges and other helophytes grow on the peatlands formed on the lake’s northern shore. Fields of rice and corn have been planted near the lake over the last decades.

 

Figure 1 | Present vegetation of the study area. The location of the pollen records used in this study are shown: Dabusu lake and peat sediments (DBS) and Shuangyang peatland sediments (SYP). Grassland cover at a continental scale appears in yellow on the map of China (right panel). 



In the southeastern margin of Songnen grasslands, the Shuangyang peatlands formed on a partially enclosed depression in the valley on the north side of the Xiaoyingzi River ( Figure 1 ). Because of a more humid climate in this area, coniferous and broadleaved mixed forests, including Pinus, Betula, and Quercus, are present in the eastern part, while forest-steppe and cultivated farmland are the main vegetation types in the west.


 3. Materials and methods.

 3.1. Pollen data.

This study is based on three temporally continuous pollen records located in the Songnen grasslands-one from lake and two from peat sediments ( Table 1 ;  Figure 1 ). The pollen records from Lake Dabusu (DBSL) are published in Jie (2000) and Jie et al. (2001). Records from peat sediments include the recently published Dabusu peat (DBSP) data (Niu et al., 2022) and those from the Shuangyang peat (SYP) published by (Chen, 1997). Dating information is provided in  Table 2 , and pollen counts from all sites are provided in  Supplementary Material S1 .

 Table 1 | Metadata (we choose the modern basin size for REVEALS modelling in this study). 



 Table 2 | Dating information. 




 3.2. REVEALS reconstructions.

 3.2.1. RPPs and FSPs.

RPPs and FSPs are critical input parameters for REVEALS model and they vary among regions and continents because of differences in plant species, climate, and land use (e.g. Andersen, 1970; Sugita, 2007; Gaillard et al., 2008; Mazier et al., 2012; Bunting et al., 2013; Qin et al., 2020). In the present study, to find suitable RPP and FSP data for the vegetation reconstructions of the Songnen grasslands, three previous published RPPs and FSPs datasets were used for model testing (e.g., Mazier et al., 2012; Li et al., 2018; Wieczorek and Herzschuh, 2020; Zhang et al., 2021b;  Table 3 ). Li et al. (2018) first reviewed the RPPs and FSPs obtained for China to propose a set of standardized estimates (i.e., estimates related to Poaceae) for the application of REVEALS for the country as a whole. (Zhang et al., 2021a) provided another set of RPPs and FSPs based on data obtained over Eurasia, mainly from Europe and China. Each of these different sets of RPPs and FSPs have their own advantages and disadvantages (Zhang et al., 2021a). Wieczorek and Herzschuh (2020) recently made available RPPs and FSPs for China derived from their major synthesis. In the present study, the three sets of RPPs and FSPs suggested by Li et al. (2018), Zhang et al. (2021a), and Wieczorek and Herzschuh (2020) were used, with each dataset representing one REVEALS scenario (total of three scenarios: S1, S2, and S3;  Table 3 ). In addition, the average values of RPPs and FSPs from these three data sets were calculated to create a fourth scenario (S4).

 Table 3 | Relative pollen productivity estimates (RPPs) with their standard errors (SEs) and fall speeds of pollen (FSPs) for the 18 pollen types that were used in this study. 



The most dominant 18 pollen types in the DBSL, DBSP and SYP records are selected in the present study for our REVEALS reconstructions. For DBSP, the pollen types included in S1, S2, S3, and S4 ( Table 3 ) represent 73%, 90%, 68%, and 95%, respectively, of the original terrestrial pollen types from the DBSP core (e.g. see  Supplementary Material S1 ); for SYP the values are 70%, 88%, 70%, and 94% and for DBSL they are 85%, 71%, 71%, and 85%. Note that the RPP value of Sanguisorba (24.07; Li et al., 2018) is too high and certainly questionable, and therefore was omitted from the REVEALS runs.


 3.2.2. Other REVEALS inputs and set ups.

Except for RPPs and FSPs, pollen counts, basin size, wind speed, dispersal model, and Z max distances are all necessary parameters for REVEALS runs. Uncertainty in the REVEALS estimates decrease with increasing pollen counts. Here, the REVEALS model was run for a minimum counts of 500 pollen grains per time window. Considering this threshold, the data allowed all pollen counts to group within time windows of 300 years (25 time windows) over the last 7500 cal. yr BP. Basin size is also a key input for the model runs. In this study, basin size for the three pollen profiles used for REVEALS are listed in  Table 1 . With a large site designated as one having an area greater than 50 ha (e.g., Trondman et al., 2015), one large lake and two large bogs were used in this study. The notion that large bogs are not considered for REVEALS applications (e.g., Marquer et al., 2014; Trondman et al., 2016) is addressed in the discussion part of the results section of this paper. In addition, a specific wind speed should be chosen for the REVEALS application. Previous studies in China and Europe commonly used a constant wind speed of 3 m/s because this value is considered reasonable in neutral atmospheric conditions for large regions (e.g., Marquer et al., 2014; Trondman et al., 2015; Marquer et al., 2017; Cao et al., 2019; Li et al., 2020). According to the wind regime in the Songnen grasslands, 3 m/s and 6 m/s wind speeds would be relevant, thus REVEALS was run for these two alternatives. Note that a Gaussian Plume Model (GPM) was used as a dispersal model scheme as no RPP values based on other dispersal modelling schemes are available so far. Pros and cons of using a GPM model for the REVEALS runs can be found in Marquer et al. (2020). Finally, four Z max distances were selected for these scenarios: 10, 20, 50, and 100 km. This means that the vegetation was reconstructed within a radius of 10 to 100 km around the pollen record sites.



 3.3. Evaluation of REVEALS performances.

Before evaluation of REVEALS performance, we classified the pollen records used in this research into two subregions: a central region (DBSL and DBSP) and a marginal region (SYP).

 3.3.1. Classification of pollen types into vegetation categories.

The Songnen grasslands are dominated by the four natural vegetation categories: steppe, dry steppe, broadleaved forest, and coniferous forest ( Figures 1 ,  2 ). A large part of the study region is cultivated and agriculture represents the major land cover within about 10 km of the pollen record site of marginal region. The main natural vegetation types within a radius of 20 km from the pollen record sites of central region are steppe and dry steppe. From a radius of 50 km to at least 100 km from the central region pollen site, broadleaved forest cover increases. Within marginal region, only broadleaved forests are observed within a radius of 10 km but both coniferous and broadleaved forests dominate the natural regional vegetation from a radius of 20 to at least 100 km; dry steppes are distributed sporadically across marginal region.

 

Figure 2 | Vegetation maps (http://www.geodata.cn) for extended radii of 10, 20, 50, and 100 km from the pollen record site for central and marginal regions. (A). Vegetation maps for central region. (B). Percentage cover of the different vegetation categories of central region. (C). Vegetation maps for marginal region. (D). Percentage cover of the different vegetation categories of marginal region. 



To compare REVEALS reconstructions with existing vegetation maps, the pollen types were classified into the four vegetation categories, see above ( Table 4 ). Cultivated vegetation was not considered in the comparison because REVEALS would estimate land use based on the Cerealia pollen type which would not represent cultivated rice and corn. This limitation is discussed later in the paper.

 Table 4 | Classification of the pollen types into vegetation categories. 




 3.3.2. Comparisons of REVEALS estimates with regional vegetation maps.

Outcomes from all REVEALS scenarios (e.g., S1 with 3 m/s wind speed) for the most recent time window are compared to the regional vegetation maps ( Figure 2 ) derived from the vegetation map of China for the year 2018 (i.e. http://www.geodata.cn). The REVEALS reconstructions within a Z max of 10, 20, 50, and 100 km for the first time window are assessed with respect to regional vegetation maps of the same radii. Although this comparison has limitations because of comparing one year (the year 2018) with the past 300 years, the natural vegetation has not changed dramatically during the last 300 years in this region (Li et al., 1982; Zhang, 2017; Yu, 2017). The comparison can, therefore, still provide insights for evaluating the spatial extent of REVEALS reconstructions. Arcgis 10.5 was used to create the maps and for all related calculations and the detailed procedure can be seen in  Supplementary Material S2 - Text 1 .



 3.4. Data processing.

To explore the driving forces of the Songnen grasslands vegetation dynamics, several published regional and continental climate datasets, paleofire records, and human activity index were studied. The climate datasets include an EASM index based on results of multiproxy analyses from 11 lakes in central Asia (Chen et al., 2008), the stalagmite δ18O records from Nuanhe and Lianhua caves, both in the region adjacent to the Songnen grasslands on the south (Cosford et al., 2009; Wu et al., 2011), and a Holocene stacked IRD events in North Atlantic (Bond et al., 2001). Paleofire datasets include a black carbon concentration records from Tianchi lake (Pang et al., 2021) adjacent to the DBSL and a fire frequency records based on charcoal records from GST peatlands (Meng et al., 2020) close to the SYP. Human activity records were based on the density of archaeological radiocarbon ages in northeast China (Wang et al., 2021).

To assess the relative importance of climate, fire, and human activities on vegetation dynamics during the mid-Holocene, Variation partitioning was performed by using the varpart () function in the “vegan” package of R (Oksanen et al., 2020).



 4. Results.

 4.1. REVEALS estimates versus regional vegetation maps.

We tested the REVEALS performance for both central and marginal regions by using different Z max (10, 20, 50, and 100 km) and wind speeds (3m/s and 6 m/s) under four scenarios (S1, S2, S3 and S4, respectively). After comparing each REVEALS results with corresponding modern vegetation maps, we found that for the central region, with 6 m/s wind speeds, REVEALS estimates were closer to the results calculated from maps with the radius of 50 km for S2, S3, and S4, in particular. For marginal region, when a wind speed of 3 m/s was used, REVEALS estimates were closer to the results calculated from the 20 km map for S4, in particular; however, all vegetation categories are slightly overestimated. All the detailed results of REVEALS estimates versus regional vegetation maps have been shown in  Supplementary Material S2 - Text 2 .


 4.2. REVEALS-based vegetation reconstructions.

Based on the above results and the  Supplementary Material S2 - Text 2 , we generated REVEALS estimates for all other time windows using S4, which considers the mean of all RPPs and FSPs and which appears to be a good compromise among all potential alternatives. Regarding wind speed alternatives, 6 m/s was selected for modeling central region and 3 m/s for marginal region.

 4.2.1. Central region.

Central region has been characterized by steppe and dry steppe since the mid-Holocene ( Figure 3 ). The major components of the steppe are Poaceae (mean cover 40.6%). The mean cover of steppe was approximately 45% from 7200 to 5400 cal. yr BP, and then decreased to about 32% between 5400 and 3300 cal. yr BP. The steppe cover increased after 3300 until 1800 cal. yr BP then decreased between 1800 and 900 cal. yr BP. After 900 cal. yr BP and continuing to the present, steppe vegetation increased again to what are relatively high values within the entire sequence with an average cover of 41%.

 

Figure 3 | Past vegetation reconstructions based on REVEALS using S4 with a wind speed of 6 m/s for the central region. The four vegetation categories (A) and individual plant taxa (B) are shown. 



The plant taxa that dominated the dry steppe were Chenopodiaceae (mean cover 21.7%), Artemisia (mean cover 10.3%), Compositae (mean cover 9.7%), and Ephedra (mean cover 4.4%). These were the dominant vegetation types of central region for most of the last 7500 years. The extent of dry steppe was lowest during the period 7200–5400 cal. yr BP with a mean cover of 40%. Dry steppe increased to its highest value from 5400 to 3300 cal. yr BP with a mean cover of 52.6%. Coverage of dry steppe decreased from 3300 to 2100 cal. yr BP with a mean cover of 41.7%, then rose again until the present with a mean cover of 48.7%.

Compared to steppe and dry steppe, the extent of broadleaved and coniferous forests has been relatively low, i.e., below 20%, for the last 7500 years. Broadleaved forest achieved its greatest cover in the mid-Holocene until ca. 5100 cal. yr BP, and then decreased to relatively low levels, where it remains today. The cover of coniferous forest, on the other hand, was very low during the mid-Holocene then increased after ca. 5400 cal. yr BP; its maximum cover occurred between 3900 and 2700 cal. yr BP. Quercus was the main component of the broadleaved forest when Pinus dominated the coniferous forest.


 4.2.2. Marginal region.

Since the mid-Holocene, vegetation in the study region has consisted of varying proportions of coniferous forest, broadleaved forest, and dry steppe ( Figure 4 ). Broadleaf forest dominated the area from 6600 to 4800 cal. yr BP, with a mean cover of 61.4%. Tilia was the dominant plant taxa in the broadleaved forest with a mean cover of 25.3%. On average, coniferous forest and dry steppe covered 24.5% and 11.9% of the region, respectively, with Pinus (mean cover 13.7%) the dominant conifer and Ephedra (mean cover 8.1%) the dominant dry steppe vegetation. The period 4800–2700 cal. yr BP was characterized by a reduction of the broadleaved forest and the relative increase especially in coniferous forest cover but also in the extent of dry steppe. Tilia cover decreased significantly while Ulmus and Juglans gradually decreased; Picea increased abruptly and replaced Pinus becoming the dominant plant taxa of the coniferous forest. From 2700 to 900 cal. yr BP, the extent of dry steppe further increased to reach its highest value 42.8% around 1200 cal. yr BP owing to the significant increase of Ephedra (mean cover 16.3%) and Chenopodiaceae (mean cover 8.5%). In the same period, the extent of coniferous forest varied but did not increase further, except within the period 1200–900 cal. yr BP when coniferous forest reached its highest value. Pinus (mean cover 32.6%) dominated the coniferous forest over approximately the last 2100 cal. yr BP whereas Abies and Picea were previously quite abundant as well. Broadleaved forest decreased to very low coverage (1.7%) between 1200 and 900 cal. yr BP. After 900 cal. yr BP, the cover of broadleaved forest increased again due to the increase of Salix (mean cover 25.2%)

 

Figure 4 | Vegetation reconstructions based on REVEALS using S4 with a wind speed of 3 m/s for marginal region. The four vegetation categories (A) and individual plant taxa (B) are shown. 





 4.3. Variation partitioning analyses.

Variation partitioning analyses indicate that climate alone explained the highest fraction of variation (31%) in REVEALS estimated vegetation cover of the central region during the entire studies period ( Figure 5A ). The variation explained by human population size and fires, moreover, is lower (5% and 10%, respectively). Results of the moving window approach demonstrate that the influencing factors showed a variety of interaction patterns in different periods. During 7300–5000 cal. yr BP, the climate changes and fire frequencies together explained most of the vegetation cover changes followed by climate alone and relatively low human influences. During 5000–4000 cal. yr BP, climate changes and human population size together play the most important role in explaining 21% of the vegetation changes. During 4000–2000 cal. yr BP, climate changes explained most of the vegetation cover changes while fire frequencies and human population size also alliteratively make their contributions. During 2000–1000 cal. yr BP, the relative importance of fire frequency was significantly higher than that of other periods with 47% of the variation explained followed by human population size with 23% of the variation explained. After 1000 cal yr BP, climate changes, fire frequencies, and human population size together explained 53% of the vegetation cover changes.

 

Figure 5 | Variation in vegetation cover for central region (A) and marginal region (B) explained by climate, fire, and human activity during the whole study period and each time windows. Values below zero are not shown in the figures. 



When considering the full studied period for marginal region, climate alone also contributed the largest portion of variation (59%) in REVEALS estimates, while the contributions of human activity and fire frequency were very modest ( Figure 5B ). During 6600–5000 cal. yr BP, climate explained the highest variation of the vegetation cover (27%) followed by fire frequency and human activity explained 9% and 1%, respectively. During 5000–4000 cal. yr BP, climate changes and fire frequency together play the most significant role in explaining 42% of the vegetation changes. With the exception of the period between 1000 and 2000 cal. yr BP, when climate, fire frequency, and human activity collectively accounted for 57% of vegetation cover changes, climate changes had a significant impact on vegetation cover changes from 4000 cal. yr BP to the present, ranging from 41 to 51%.



 5. Discussion.

 5.1. Influence of RPPs/FSPs/wind speeds on REVEALS estimates.

RPPs, FSPs, and wind speeds are three critical parameters that influence the REVEALS outcomes. FSPs are calculated using Stoke’s law (Gregory, 1973) and the size of the pollen grains. FSPs can influence both REVEALS performance and the calculation of RPPs. Previous studies have shown that FSPs have generally a minor influence on the calculation of RPPs and REVEALS results because their values do not differ much from one pollen type to another compared to the large range in RPP values (e.g., Li et al., 2017; Zhang et al., 2017; Li et al., 2018). However, the choice of RPPs can significantly impact the results. The present calculations of RPPs were mainly based on modern pollen datasets, related FSPs, and corresponding vegetation data using the Extended R-value (ERV) model (Parsons & Prentice, 1981; Prentice & Parsons, 1983). Many factors, e.g., methodological and environmental factors, can influence the RPP calculations. For this reason, it is generally preferable to use a mean of various RPPs for the REVEALS applications (e.g., Mazier et al., 2012; Trondman et al., 2015), and therefore choosing the S4 alternative appears to be a good compromise among all available RPPs. However, to better understand the role of the RPPs on the REVEALS estimates, various alternatives were tested.

S1 was used by Li et al. (2020) to reconstruct Holocene land-cover change throughout China, whereas Zhang et al. (2021b) used S2 to reconstruct Holocene vegetation changes in the transition zone between subtropical and temperate ecosystems in east-central China. Compared to S2, S1 has fewer tree pollen types, especially for Picea, Abies, and Salix, which are common in marginal region through time. In contrast, S1 has more herb pollen types, such as Compositae, which are abundant in central region over time. For the other pollen types shared between the two alternatives, the RPPs/FSPs values are of the same order.

The RPPs of Cyperaceae and Picea in S3 proposed by Wieczorek & Herzschuh (2020) were much higher than their values in S1 and S2; note that Cyperaceae was excluded from all REVEALS runs because it is mainly derived from local vegetation in the study region and thus could add uncertainties in the REVEALS reconstructions. In marginal region, the cover of coniferous forest estimated by REVEALS was much lower using S3 compared with S2 because of the higher RRP values of Picea (See  Supplementary Material S2 - Figure S3 ).

Combining the data from S1, S2, and S3 for use in S4 generated a novel data set that includes most plant taxa that characterize the major vegetation types for both central and marginal regions. The REVEALS results using S4 agree with the cover of these vegetation types as represented on the vegetation map for the both central and marginal regions at a radius of 50 and 20 km, respectively ( Figures 3 ,  4 ). Therefore, as expected, RPPs and FSPs play a significant role in accounting for the discrepancies among the REVEALS estimates derived from the four alternatives.

Previous studies have reported that changes in wind velocity result in notable effects on pollen dispersal and deposition characteristics (Xu et al., 2016). Therefore, wind speeds might also have an effect on the REVEALS outcomes (See  Supplementary Material S2 - Figures S4 ,  5 ). Our results show that the influence of wind speeds on REVEALS estimates differ among pollen types. For example, reconstruction of Abies cover was easily influenced by wind speeds because it is assumed that its heavy pollen grains cannot be transported as far under a wind speed of 3m/s compared to a wind speed of 6 m/s (Zhang et al., 2021b). The present study tested 3 m/s and 6 m/s wind speeds to explore their influence on the REVEALS results based on pollen records, and we found that wind speed of 6 m/s is suitable for central region while 3 m/s wind speed is more appropriate for marginal region. This result, moreover, aligns with present conditions in which central region is dominated by herbs and Abies is almost absent, whereas marginal region is dominated by trees and Abies is present.


 5.2. Influence of basin type and size on REVEALS estimates.

The present study uses pollen records from one large lake and two peatlands from large basins for the REVEALS model. Previous studies have shown that acquiring the most reliable estimates of regional vegetation cover using the REVEALS model should use pollen data sets from one or multiple large lakes with a water surface larger than 50 ha (Sugita, 2007; Hellman et al., 2008a). These underlying assumptions limit the application of the model because in many regions small-sized bogs and mires are generally more common than large lakes (Birgitte and Sugita., 2005; Mazier et al., 2012). To extend the use of the REVEALS model, some studies have examined whether data from small sites can be used for REVEALS modelling to accurately reconstruct the regional vegetation cover, and results have been positive (e.g., Trondman et al., 2016), although using small sites generate larger error estimates than when using large lakes. If the studied region does not include large lakes, using pollen samples from small basins (lakes and/or bogs) is recommended (Trondman et al., 2016). The use of large bogs, however, could add additional uncertainties, such as an overestimation of the local vegetation components. This could explain some of the differences observed between REVEALS reconstructions and the vegetation maps in the present study for the first time window.

When using pollen records from other basin types (e.g., marshes and peats) than lakes for REVEALS runs, the REVEALS assumption that there are no plants growing in the water body is violated (Sugita, 2007). In the case of bogs and peats, REVEALS has a specific algorithm to take this into account. However, this could be an issue for lakes where aquatic plants grow on the water surface. Pollen generated from those aquatic plants may bias the REVEALS reconstructions. To reduce this bias, pollen types generated from the local plants should be excluded before the REVEALS model runs (Mazier et al., 2012). In the present case, fern spores, Typha, and Cyperaceae pollen grains were excluded from DBSP pollen records and Cyperaceae from SYP pollen records.

Basins are regarded as the sink of pollen originating from both local and regional vegetation (Sugita, 2010). A larger basin size can receive more pollen transported from further distances representing vegetation information in a larger source area of pollen while a small basin size can represent more local vegetation information (Nielsen and Sugita, 2005). For instance, large lakes would have a source area of pollen of about 50 km, while a surface sample from smaller bogs or mires can would represent a smaller spatial extend (Prentice, 1988). Therefore, except for large lakes, when using pollen records from other different basin sizes for REVEALS estimates, the spatial scale of the reconstructed vegetation needs to be evaluated. In the present study, the referenced evidence of the Z max distances was selected based on the basin size of DBSL, DBSP and SY. DBSL was considered as the large lake and possibly with a pollen source area of around 50–100 km while SY and DBSP peatlands were considered as medium size basin with a pollen source area of around 10–50 km (Zhang et al., 2021). Therefore, we decided to choose these four distances (10, 20, 50, and 100 km) for vegetation evaluation. By comparing the REVEALS results with the regional vegetation map with different radius, our results show that central region can represent the regional vegetation within a radius of 50 km around DBSL and marginal region merely a source area of pollen of about 20 km, indicating their REVEALS results can well reflect the regional vegetation cover around the sampling site.


 5.3. Responses of grassland vegetation to the 4.2 ka BP and IRD events.

The “4.2 ka BP” event is considered one of the major global extreme climate fluctuations to have occurred during the Holocene, and it is also considered the transition from the middle to the late Holocene (Mayewski et al., 2004; Staubwasser & Weiss, 2006; Walker et al., 2012; Finkenbinder et al., 2016). The 4.2 ka BP event was first identified by Weiss et al. (1993) as an abrupt increase in aridity in Mesopotamia. Recognition of that event caused widespread concern when it was suggested that it induced considerable land-cover degradation and might be linked to the collapse of ancient civilizations (deMenocal, 2001; Weiss & Bradley, 2001).

In northern China, previous studies based on multiple proxies (e.g., stalagmite δ18O, ostracode assemblages, and grain-size distributions) have revealed that the 4.2 ka BP event was mainly associated with a continuous drought period which spanned from 4800–3600 cal. yr BP together with a mean annual temperature decrease of up to 2 °C (Fang & Hou, 2011; Xiao et al., 2018; Tan et al., 2018; Tan et al., 2020). The vegetation in Songnen grasslands has shown different patterns of response to the 4.2 ka event in the central and marginal areas of the region.

At the beginning of the 4.2 ka BP event (during 4800–4500 cal. yr BP), the climate became cold and arid and it can be seen that the Poaceae cover increased abruptly contributing to the steppe expansion accompanied by the degradation of tree cover in the center of the Songnen grasslands ( Figure 3 ). Meanwhile, in the marginal Songnen grasslands, dry steppe cover increased slightly owing to the increase of Artemisia cover. Greater cover of Pinus and Abies in the marginal area at that time represented the rapid expansion of the coniferous forest. Total cover of the broadleaved forest decreased abruptly owing to the decrease of the Tilia cover ( Figure 4 ).

The driest climate of the region occurred during the 4500–3900 cal. yr BP interval. In the central part of the Songnen grasslands ( Figure 3 ), dry steppe first expanded abruptly with an increased cover of Compositae, Chenopodiaceae, and Ephedra from 4500–4200 cal. yr BP. That cover then decreased somewhat because of the slight increase in Poaceae cover during 4200–3900 cal. yr BP. In the margin of the Songnen grasslands ( Figure 4 ) from 4500–4200 cal. yr BP, the cover of dry steppe remained stable while broadleaved forests expanded due to the sharp increase of the drought-tolerant Salix and accompanying decrease in coniferous forest cover. Between 4200–3900 cal. yr BP, dry steppe cover increased significantly mainly because of expansion of Ephedra. Meanwhile, Pinus and Picea replaced salix while Tilia became the dominant tree taxa, leading to the expansion of coniferous forests and contraction of broadleaved forest cover.

At the end of the 4.2 ka BP event (during 3900–3600 cal. yr BP), the climate remained cool and dry. In central part of the Songnen grasslands, tree cover rose slightly with expansion of Pinus and Picea cover, while the dry steppe cover increased as the steppe cover decreased ( Figure 3 ). In the marginal part of the Songnen grasslands, broadleaved forest cover remained the same as in the previous interval, a decrease in Ephedra led to a reduction in dry steppe, and the coniferous forest continuously expanded to a relatively high level ( Figure 4 ).

In addition to the 4.2 ka BP event, the reconstructed vegetation changes in both the central and marginal parts of the Songnen grasslands were also closely associated with the stacked ice-rafted debris (IRD) events identified in the North Atlantic Ocean (Bond et al., 2001;  Figure 6 ). After 4.2 ka BP, the regional climate became wetter, yet remained cool, in association with the IRD2 event. Dry steppe and coniferous forest continued to dominate the central and marginal Songnen grasslands, respectively, until approximately 2700 cal. yr BP. Although the cover of broadleaved forest remained stable, cold-tolerant Betula replaced Salix as the dominant taxa. From 1200 to 600 cal. yr BP, influenced by the IRD 0 event, dry steppe in the central Songnen grasslands re-expanded to a relatively high level while steppe and tree cover both decreased slightly. In the marginal grasslands, rapid increase in cover of Pinus and Ephedra contributed to expansion of coniferous forest and dry steppe, respectively, and contraction in the extent of broadleaved forest.

 

Figure 6 | Comparisons of regional climate, fire and human activity records with Songnen grasslands vegetation changes since the mid-Holocene. (A) The EASM index is referenced from a published paper (Chen et al., 2008); (B) The stalagmite δ18O records are from Lianhua Cave, northern China (Cosford et al., 2009); (C) The stalagmite δ18O records are from Nuanhe Cave, northeastern China (Wu et al., 2011); (D) Holocene stacked IRD events in the North Atlantic (Bond et al., 2001); (E) Human activity records in northeastern China (Wang et al., 2020); (F) The REVEALS vegetation cover based on pollen records from central region, this study with black carbon records (Peng et al., 2021); (G) The REVEALS vegetation cover based on pollen records from marginal region, this study with fire frequency records (Meng et al., 2020). 



The response of regional vegetation to climate change consists of the response of individual species and how those species interact (Davis & Shaw, 2001). In general, vegetation of the Songnen grasslands, especially such drought-tolerant plants as Ephedra, Compositae, and Salix, respond rapidly to abrupt climate change. The taxa comprising a vegetation type, however, may adjust before the total cover of the vegetation type changes.


 5.4. Role of climate, fire, and human activity in vegetation dynamics of Songnen grasslands.

In this study, we quantify the relative importance of climate, fire, and human activity to mid-late Holocene vegetation dynamics for both central and marginal regions in Songnen grasslands and clearly demonstrated that climate was the dominant driving forces. In addition, compared to the human activity, fire frequency contribute more to vegetation dynamics, especially for central region. Our results answer the argument about whether human activity have dominated the grasslands vegetation changes after the mid-Holocene. In fact, we found that vegetation patterns are the result of long history of climate, fire, and human interactions and the impacts of human activities intensified especially for the last two millennia.

In Songnen grasslands, climate was influenced by EASM circulation variations that are mainly controlled by changes in solar insolation (Zhang et al., 2003; Berger et al., 2007). Relatively high solar insolation contributes to high surface temperatures of the western Pacific Ocean, which induces northward migration of the Western Pacific Subtropical High (WPSH). That migration strengthens the EASM, which leads to a precipitation increase in northeastern China (Zheng et al., 2018; Zhang et al., 2020). Likewise, relatively low insolation is associated with a precipitation decrease in this region. Previous work has reported that EASM-associated precipitation has been a major influence on vegetation changes in northern China (Chen et al., 2015; Stebich et al., 2015; Zhou et al., 2016). Therefore, we hypothesize that the EASM circulation and monsoon precipitation are the direct driving force for the vegetation dynamics in the Songnen grasslands since the mid-Holocene. Comparing REVEALS modeling results for the two Songnen grassland subregions with regional EASM variations has shown that these trends are generally consistent ( Figure 6 ). Between 7500 and 5000 cal. yr BP (Zone 1), EASM circulation maintained the highest level as indicated by the low stalagmite δ18O value from both Nuanhe cave and Lianhua cave. More wet and warm air was brought by the strengthened EASM from the Pacific Ocean to northern China and therefore increased the precipitation. The warm and humid climate led to the dominance of broadleaved trees in the marginal areas and steppe in the central part of the Songnen grasslands. Before the 4.2 ka BP event (Zone 2), continued weakening of the EASM resulted in a reduction of the water vapor supply to northeastern China. The cooler and drier climate drove the expansion of dry steppe in the central area of Songnen grasslands, while the marginal area of grasslands experienced a gradual replacement of broadleaved forest with coniferous forest. After 4.2 ka BP until 1000 cal. yr BP (Zone 2 & Zone3), the EASM initially strengthened slightly then gradually weakened but generally maintained in a relatively low level (low value of EASM index) compared to the early mid-Holocene. In the same interval, precipitation fluctuated dramatically in response to variations of the EASM. Vegetation patterns in the Songnen grasslands responded rapidly to these climate changes. Broadleaved forest and coniferous forest alternately dominated the Songnen grasslands margin, while steppe and dry steppe alternately dominated the central Songnen grasslands. From 900 cal. yr BP to the present (Zone 4), the EASM strengthened slightly accompanied by a rise in the regional mean annual precipitation. Coniferous forest and dry steppe cover decreased significantly as broadleaved forest cover increased in the marginal Songnen grasslands, while steppe continued to expand and eventually replaced dry steppe to dominate the central Songnen grasslands.

The response patterns of vegetation to fire are complicated and generally site-specific (Seddon et al., 2015). In this study, fire acts as a catalyst for vegetation to adapt to climate changes by destroying the original vegetation stability with the help of resilience and resistance allowing the vegetation to respond rapidly to climate (Dar et al., 2020). For instance, fire contribute to the rapid transformation of steppe and dry steppe in central region, and transformation of coniferous forests and broadleaved forest in marginal region, respectively ( Figures 6F, G ). Moreover, the interaction pattern of vegetation and fire was different in the two regions. For central region dominated by herb vegetation, fire intensified during the strong EASM periods possibly related to the relatively high cover of biomass as the fuel burning (Tong et al., 2009). In contrast, for marginal region dominated by trees, fire intensified during the low EASM periods possibly because the expanded coniferous trees with relatively high flammability (Cohn et al., 2011).

For both central and marginal regions, the effects of human activity on vegetation dynamics were minimal. Our study’s findings diverge from those of earlier research conducted in northern China, where vegetation was found to be impacted by human-induced land-use change-related landscape opening and forest clearing (Liu et al., 2021). These differences could be the result of the mid-Holocene human activity patterns that varied by region. Ancient inhabitants frequently engaged in deforestation practices to expand their agricultural fields. Prior to historical times (7300–2000 cal. yr BP), inhabitants in our research area, however, consistently engaged in a typical fishing and hunting culture with little livestock rearing and little agricultural activity (Li, 2008). Even though the human population rose significantly after entering the Bronze Age around 4000 cal yr BP, this subsistence strategy only has a minor impact on the grassland vegetation cover. Continuously indigenous dynasties were established in the Changbai mountain regions after 2000 cal. yr BP, and cities with better carrying capacities were built, aiding in the population aggregation (Li, 2006; Jin & Xiao, 2016). As a result, the Songnen grasslands’ agricultural population shrank, and for a considerable amount of time, a small number of nomadic people ruled the area (Zhang, 2009).



 6. Conclusions.

Three pollen records from the Songnen grasslands were applied to the REVEALS model to quantitatively reconstruct the vegetation cover of the region during the middle-late Holocene. Output from the REVEALS scenarios revealed the significance of choosing appropriate model parameters such as RPPs, FSPs, and wind speeds on the vegetation cover estimates. The S4 alternatives, which used means of available RPPs and FSPs values, with wind speeds of 6 m/s and 3 m/s, were chosen to reconstruct quantitative plant cover in the central and marginal Songnen grasslands for the radial extent of 50 km and 20 km from the sampling sites, respectively. The higher wind speed alternatives appeared to work better in steppe areas (central region) compared to more forested landscapes (marginal region).

Based on the best modeling alternatives, results showed that the vegetation patterns have varied in the central and marginal areas of the Songnen grasslands since the mid-Holocene. Steppe and dry steppe were dominant in the central part of the Songnen grasslands, while the marginal grasslands were mainly characterized by broadleaved forest and coniferous forest.

The Songnen grasslands vegetation was sensitive to 4.2 ka BP and IRD events. The results showed that during these cooling events, taxa composition in a vegetation type changed faster than the total cover of the vegetation type because of climate sensitivities of the drought-tolerant plants.

Since the mid-Holocene, changes in EASM and the associated influences on precipitation have mostly been responsible for the vegetation change in the Songnen grasslands. Fire also had a significant part in helping the vegetation adapt to the changing environment while human activities only had minor effects. These findings should help in understanding how vegetation may change in the Songnen grasslands in the future under the current global warming trends.
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Introduction

Charring process affects the preservation potential of seeds, resulting in limited perceptions of crop assemblages recovered from archaeological layers. Therefore, the specifics of the charring process deserve further investigation. Colloquially referred to as the “Five Grains” (五谷), bread wheat (Triticum aestivum), foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), rice (Oryza sativa), and soybean (Glycine max) represent a set of four major cultivated cereals and a pulse constituting crucial staple food in Chinese history and the most frequently discovered crops at archaeological sites in China



Methods

This paper aims to understand the changes in size, volume, and weight loss of grains under variable aerobic charring conditions. The size and weight were measured for the untreated specimens and the specimens heated at different temperatures and over different time-periods.



Results

We found that temperature and exposure time directly affected the grain size. Specifically, the grains of most species shrank at lower temperatures and expanded rapidly at higher temperatures.



Discussion

Among the “Five Grains”, soybean was the type least affected by charring, followed by wheat, rice, and millet. Volume and weight can be used as conversion factors to minimize the bias in quantitative representation due to varied charring preservation potential. For rice, wheat and soybean, the variation in volume is smaller. For millet, both volume and weight can be used as the control to understand the consequences of charring for the assemblage. Further experiments and comparisons of ancient samples are needed in future studies to investigate other factors that affect the preservation of charred plant remains.
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1 Introduction

Grain cultivation has always been the top priority for agrarian societies (Bellwood, 2005; Crawford, 2017). In ancient China, the country was referred to as “sheji” (社稷), the collective name for the Earth God and the Harvest God, which shows the significance of land and grain to Chinese civilization. In ancient Chinese literature, important crops are usually grouped and colloquially called “Five Grains”, “Six Grains” or “Nine Grains”, though there are still many debates about the specific types of grains they represent (Min, 1982; Song, 2002). Among these groupings, the term “Five Grains” (五谷), common in modern Chinese, generally refers to a set of five cultivated crops, including bread wheat (Triticum aestivum), foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), rice (Oryza sativa), and soybean (Glycine max), which represent the four essential cereals and a pulse constituting staple food in Chinese history; they account for the largest proportion of plant remains in archaeological sites (Zhao, 2005). The idea of “Five Grains” first appeared in documents from the Eastern Zhou Dynasty (2996 – 2721 BP) (Song, 2002). According to archaeological findings, the “Five Grains” appeared as early as the Longshan period (4300 – 3800 BP) (Zhao, 2020). The “Five Grains” still represent the major crops that account for more than 90% of food production in China. Polyculture farming can increase the productivity of agriculture, improve land-use efficiency, and increase disaster resilience (Zhao, 2011). Therefore, the multi-crop cultivation may correspond to the formation of Chinese civilization, which is an important issue in archaeology.

Plant remains usually cannot be preserved at an archaeological site for long periods of time because of their unstable chemical and physical conditions and microbiological degradation. However, their macrofossils (like charred, desiccated, or waterlogged finds) and/or microfossils (like phytoliths and starch granules) can be well preserved in archaeological contexts, among which charred seeds are the most commonly found type. Charring is an incomplete combustion process that can make seeds resistant to biological degradation and microbial attack, while causing their morphological change (Styring et al., 2013; Charles et al., 2015; Dong et al., 2022). Charred seeds have long been used in archaeobotany to infer ancient arable economy and plant consumption. However, evidence has shown that preservation conditions and the charring process have different effects on different grains.

There is often disagreement between the interpretation of charred plant remains and other proxies such as phytoliths and crop stable isotopes in terms of human diet (Wang et al., 2015a; Lu, 2017). For example, during the Neolithic, millets represented the primary staple in northern China. The studies of when and where they were domesticated, and how they spread are important topics in local and regional archaeology (Zhao, 2005; Hunt et al., 2008; Lu et al., 2009; Deng et al., 2018; Martin et al., 2021). Based on the analysis of charred grains, scholars concluded that foxtail millet outnumbered broomcorn millet in the Central Plain by the Late Peiligang/Early Yangshao period (8000 – 6000 BP) (Lee et al., 2007). On the other hand, the phytolith results showed that broomcorn millet was still the dominant crop during the Longshan period at some sites in the Central Plain (Zhang et al., 2010; Wang et al., 2018). Therefore, whether the quantity of charred seeds can be used to infer the productivity of arable economy or the composition of human diet is an open question. Quantitative analysis of macrobotanical remains needs to be cautiously approached (Boardman and Jones, 1990). A number of solutions have been proposed, such as correcting the absolute counts using the weight or volume, which can reflect the grain yield. One of the methods uses the number of each unearthed crop and the average weight/volume of 1000 modern grains from each crop, which can help convert the absolute number of each crop to allow a comparison, and thus determine which crop dominates (2021; Zhang et al., 2010; Zhou et al., 2016; Sheng et al., 2018; Li et al., 2022b). By establishing formulas that estimate the original grain weight of wheat and barley using the length*width and length*thickness of charred seeds, Ferrrio offered another method for estimating crop output while reducing the impact of charring (2006; Ferrio et al., 2004). By comparing the converted proportion of weight or volume, it is possible to further understand the importance of different crops, and reconstruct ancestral crop selection.

Charring process is one of the crucial factors determining the type, amount and plant part of crop species preserved in archaeological contexts. It is, therefore, pertinent to ask the following question: is there any bias caused by different seed preservation potential with respect to charring? The critical aspects are the condition and process of charring, because seeds may be completely or partially charred under the influence of different factors. In the context of daily human activities, sheaves of harvested crops could be unexpectedly heated before threshing, dropped during food preparation and cooking, buried in the ground and heated by fire above 200°C on the floor or preserved through other taphonomic processes (Schiffer, 1972; van der Veen, 2007; Aldeias et al., 2016).

Simulation experiments have been carried out to understand the charring process of seeds of crops, weeds, and fruits. Most of these studies focus on the morphological changes, while the others demonstrate chemical alternations such as fractionations in carbon and nitrogen stable isotopes (Boardman and Jones, 1990; Gustafsson, 2000; Wright, 2003; Braadbaart et al., 2004; Guarino and Sciarrillo, 2004; Braadbaart and van Bergen, 2005; Braadbaart et al., 2005; Braadbaart, 2007; Braadbaart et al., 2007; Märkle and Rösch, 2008; Fraser et al., 2013; Charles et al., 2015; Nitsch et al., 2015; Aldeias et al., 2016; Walsh, 2017; Castillo, 2019; Su et al., 2019; White et al., 2019; Biswas et al., 2020; Wang and Lu, 2020; ). Temperature and time are the most significant factors, while factors such as oxidizing/anoxic conditions, moisture content of the plant part, heating rate, distance from the fire source, burial depth, and the un/shelled status can also influence the charring (White et al., 2019; Li et al., 2022a). Moreover, they tend to have different charring effects on different species. For example, Chinese and Indian millets exhibit significant differences in shrinkage after charring (Castillo, 2019).

Experimental evidence has shown that the seed preservation and identifiable features retention of millet grains under oxidizing conditions are better than in reducing conditions (Wright, 2003; Märkle and Rösch, 2008; Walsh, 2017), while other experiments have found that some species (such as wheat) are better preserved under reducing conditions (Ferrio et al., 2004; Sievers and Wadley, 2008). In some experiments, the temperature was strictly controlled for various species. However, the same or comparable conditions have not been tested for the traditional Chinese “Five Grains”. Therefore, we conducted a simulation experiment aimed at monitoring the charring process of “Five Grains” heated at different temperatures and over different periods. Our charring experiment was conducted under aerobic conditions.

Our goal was to explore various temperature ranges and the corresponding changes in size, weight and shape of the grains during the charring process. In addition, statistical analysis was conducted to quantify the significance of these changes in the resulting grains under varying conditions. The L/W ratio, weight, and volume were analyzed to determine whether the charring had the same effect on these different parameters. By “reversing” the charring process, with the “Five Grains” as an example in a laboratory setting, we attempt to provide the knowledge of the factors affecting the preservation of charred seeds. Such knowledge can contribute to the reconstructions of ancient human diets, arable agriculture, and ecology.



2 Materials and methods


2.1 Materials

The primary materials in this work include mature grains of rice, broomcorn millet, foxtail millet, soybean, and bread wheat. The wheat samples were taken from a farmland in Wushe County, Jiaozuo, Henan Province, and the grains and husks were separated by hand. The other samples were purchased from a local supermarket (Jinan, Shandong Province, China), already dehusked and with their origin declared as Yangming District, Mudanjiang City, Heilongjiang Province. All of these regions are in northern China, which have a temperate continental climate with little intra-regional variation in planting conditions. Therefore, we selected samples from these regions for comparison.



2.2 Charring experiments

We conducted three tests based on previous studies (2007; Braadbaart, 2004; Braadbaart et al., 2004; Märkle and Rösch, 2008; Wang and Lu, 2020). It was found that the charring temperature of roughly between 240-300°C and the charring period of 1-5 hours were suitable for all five crops. Therefore, we used these temperature and time ranges in the formal experiments.

The weight of grains was measured and compared before and after charring at different temperatures and times. First, the grains were weighed and then placed into crucibles, which were kept at 30°C for a month to minimize the effects of grain moisture content variability. Then, these crucibles were heated stepwise in a staged-program muffle furnace (CV-VULCAN 3-550) to 240°C, 250°C, 260°C, 270°C, 280°C, 290°C, and 300°C. The grains heated to the same temperature were divided into three groups, which were kept at the end temperature for 1 h, 3 h, and 5 h, respectively. Thus, for each species, the grains were divided into 21 groups, and each group contained 20 grains. The initial constant heating rate was 10°C/min, rising until the desired temperature was reached.



2.3 Sectioning and microscopic observation

First, the unheated and the charred grains were observed under a Nikon C-FMC stereomicroscope. The morphological changes of the grains at different temperatures and heating durations were documented with the Nikon digital camera system. Second, samples from the simulation experiment and the Beitaishang archaeological site were cut longitudinally along the direction of the dotted line A (indicated in 
Figure 1
); we first made a shallow cut along this line, and then force-split the grain, in order to get a ‘natural’ surface of the fracture and thus be able to observe the starch structure under the SEM. The seeds were adhered to the conductive resin and plated with gold. Then, the essential parts such as episperm, pericarp, embryo, and endosperm were observed with a scanning electron microscope (JEOL JCM-6000).




Figure 1 | 
Cutting direction and measurement of the grains. (A) Soybean; (B) Millet; (C) Wheat; (D) Rice.





2.4 Measuring morphological traits

The geometry of all samples, including weight, length, width, and thickness, was measured to a precision of 0.001 gram or millimeter before and after heating. The measurement method is shown in 
Figure 1
. Since we wanted to conduct a volume analysis later, we estimated the volume using the formula specified below, even though the irregular shape did not allow us to calculate the exact volume. The volume here only represents an estimated value, in order to combine the length, width, and thickness for the calculation.

The volume of the grains except soybean is calculated and presented as length×width×thickness. The shape of soybean is close to an ellipsoid, and thus the volume was calculated using the following formula: 4/3π×half of the length×half of the width×half of the thickness. The density of the grains is also calculated and presented as weight/volume.



2.5 Statistical analysis

To explore whether different charring temperatures and times caused statistically significant changes in the grain morphology, MANOVA (Multivariate ANOVA) analysis was conducted. The parameters analyzed include: length variation, width variation, thickness variation, L/W ratio variation, and volume variation of the “Five Grains” before and after charring. The analysis was conducted using the SPSS computer program (ver. 26).




3 Results

The average measurement results of the unheated and heated grains of “Five Grains” are shown in 
Table S1
. For later discussion, charring is defined as the stage in which the color of the grains turns brown or black, the grain is accompanied by slight or clear distortion with identifiable traits, the dissolution of starch granules intensifies, and the pores between starch granules gradually increase (Charles et al., 2015; Dong et al., 2022). The original dataset is shown in 
Table S2
. The detailed statistical results and charring condition of each group are shown in 
Table S3
. The morphology changes after heating are summarized as follows.



3.1 Alteration of morphology

The morphological changes of the “Five Grains” after the heating process are shown in 
Figure 2
. In terms of color, the seeds changed from yellow to brown and then to gray and black. In brief, the grains became darker and shinier with the increase of time and temperature, and the damage became more severe, with more noticeable deviations from the initial form.




Figure 2 | 
Morphology of the “Five Grains” at different temperatures and duration of heating. (In each picture from left to right: above: rice, broomcorn millet, foxtail millet; below: wheat, soybean).




The length and width of the grains changed with the increase of temperature and time (
Figure 3
). Before heating, wheat had the highest length to width ratio (L/W ratio). After charring, the L/W ratio of rice significantly increased and became the highest, ranging from 1.69 to 1.98. The L/W ratio of wheat gradually changed from 1.82-1.96 before charring to 1.09-1.69 after charring, indicating notable morphological changes during the heating. The length of soybean grains during the charring process maintained stable while its width decreased. The morphological changes of broomcorn millet and foxtail millet were similar in that their width became greater after charring because of the transverse cracking during the charring process. The ratios of the identifiable charred broomcorn millet and foxtail millet in each group gave ranges of 0.75-0.78 and 0.62-0.66, respectively (here, ratio = number of identifiable grains per group/number of samples per group [n=20]).




Figure 3 | 
L/W ratio of the “Five Grains” at different temperatures and times during the heating process. (A) Broomcorn millet; (B) Foxtail millet; (C) Rice; (D) Wheat; (E) Soybean.





3.2 Changes in volume

When rice was heated between 290°C and 300°C, it was difficult to verify the geometric characteristics of the grains because the grains were markedly swollen. In identifiable rice grains, the maximum expansion of the volume was between 26.98% and 36.38%. The maximum expansion of the volume of broomcorn millet and foxtail millet was 30.69%-35.1% and 11.97%-15.49%, respectively, while soybeans expanded by 28.79%-31.81%. The wheat grains swelled to the maximum of 19.29% and then shrank to 15.15% of the original volume during the charring process. Wheat has a thick pericarp that hinders the escape of gaseous substances after internal chemical reactions. The volume of the other four grains decreased during the dehydration process and then rapidly expanded during charring (
Figure 4
).




Figure 4 | 
Average volume of the “Five Grains” at different temperatures and times during the heating process. (A) Broomcorn millet; (B) Foxtail millet; (C) Rice; (D) Wheat; (E) Soybean.





3.3 Weight loss

The weight loss of the grains exposed to high temperatures for a short duration is similar to that resulting from prolonged heating at low temperatures. The higher the temperature and the longer the time, the more weight the grain loses. The rate of weight loss of rice, broomcorn millet, foxtail millet and wheat at different heating times varied substantially. However, the weight loss in soybean was highly consistent. The weight loss of identifiable charred rice was 25%-42%. The weight loss of millets and soybean was 45%, and the weight loss of wheat was 45%-50% after charring (
Figure 5
).




Figure 5 | 
Average weight of the “Five Grains” at different temperatures and times during the heating process. (A) Broomcorn millet; (B) Foxtail millet; (C) Rice; (D) Wheat; (E) Soybean.





3.4 SEM observation

Rice contains water, protein, starch, fat, minerals, and many other nutrients. Starch is the main component and accounts for about 70% of rice grain. The shape of starches is polyhedral and angular under SEM (Shapter et al., 2008). The heating temperature of 240°C is critical for rice charring. At this temperature, the number of holes between starch granules gradually increased. After 5 h of charring, the rice grains burst and gradually lost the identification characteristics. Microscopic observations revealed that the grains became honeycomb-like, and the starch granules were no longer present. When the temperature increased to 270°C or higher, the grains became unrecognizable. Even when heated for only 1 hour at 270°C, the grains exploded rapidly and spurted tar-like substance, and the internal structure confirmed complete charring. The hardness of the grains declined rapidly beyond this temperature point, and they cracked and completely disintegrated at 300°C (
Figure 6
).




Figure 6 | 
Morphological changes of rice samples under different temperatures and times under SEM. (A) Changes in rice morphology during B-F; (B) Uncharred rice; (C) Rice endosperm after charring at 240°C, 1h; (D) Rice endosperm after charring at 240°C, 3h; (E) Rice endosperm after charring at 240°C, 5h; (F) Rice from archaeological context.




Broomcorn millet and foxtail millet contain 70% starch, most of which is polyhedral with some other shapes, such as spherical, oval, and irregular. The average size of the starch granules of broomcorn millet is smaller than that of foxtail millet (Yang et al., 2010). In our charring experiments, both the broomcorn and the foxtail millet grains were expanded and became spherical at 260°C. With the increase of the temperature, the grains began to dissolve from the kernel center outwards and gradually became annular. The chemical components were converted to gaseous state. The small holes between starch granules inside the embryo became progressively smaller from its interior towards the outer surface (Yang et al., 2011). After heating for 5 hours, the starch in both millets was gelatinized and charred without any crystal structure. At 280-290°C, the embryos of both millets have similar appearance (
Figure 7
), and no morphological features could be discerned.




Figure 7 | 
Morphological changes of foxtail and broomcorn millet samples under different temperatures and times under SEM. (A) Uncharred broomcorn millet; (B) Broomcorn millet endosperm after charring at 260°C, 1h; (C) Broomcorn millet endosperm after charring at 260°C, 3h; (D) Broomcorn millet embryo after charring at 260°C, 5h; (E) Broomcorn millet from archaeological context; (F) Foxtail millet from archaeological context.




Wheat contains about 71% carbohydrates. Larger starch grains of wheat are biconvex/lentoid, while smaller starch grains are spherical. The wheat grains expanded at 270°C, and the inner lentoid and spherical starch granules began to melt (Braadbaart, 2004), while the amount of gelatinized starch gradually increased. The starch grains in the wheat endosperm swelled rapidly at 280°C. Meanwhile, the produced gas built up pressure inside the pericarp, breaking the fragile part of the wheat (mainly the embryo), and releasing volatiles that pushed the partially transformed endosperm outside to form protrusions (Braadbaart et al., 2005). When the temperature continued to increase, the number of protrusions on the wheat grains also increased significantly (
Figure 8
).




Figure 8 | 
Morphological changes of wheat samples under different temperatures and times under SEM. (A) Uncharred wheat; (B) Wheat endosperm after charring at 270°C, 1h; (C) Wheat endosperm after charring at 270°C, 3h; (D) Wheat endosperm after charring at 270°C, 5h; (E) Wheat from archaeological context; (F) The protrusions on wheat from archaeological context.




Soybean turned dark brown in color when heated, and the two halves of the cotyledons swelled. The seed coat cracked but stuck to the cotyledons. Heating also changed the protein structure, and the seeds became permeable to oil. Oil can move through the cotyledons to coalesce (Zong et al., 2017). Large oil droplets appeared and holes were created in the charred seeds. As large oil droplets moved through the cotyledons, the surface of the soybean became shiny. After the soybean was heated at 300°C for 5 hours, the interior became a porous structure composed of holes of different sizes, and the seeds were completely charred. The large oil droplets were eliminated from the soybean after charring (
Figure 9
).




Figure 9 | 
Morphological changes of soybean samples under different temperatures and times under SEM. (A) Uncharred soybean cotyledons; (B) Uncharred soybean seed coat; (C) Soybean endosperm after charring at 300°C, 1h; (D) Soybean seed coat after charring at 300°C, 1h; (E) Soybean endosperm after charring at 300°C, 3h; (F) Soybean seed coat after charring at 300°C, 3h; (G) Soybean endosperm after charring at 300°C, 5h; (H) Soybean seed coat after charring at 300°C, 5h.





3.5 Statistical analysis

According to the statistical results (
Table 1
), in general, under the influence of the charring time, temperature, and the interaction between time and temperature, the morphology of “Five Grains” seeds changed significantly (p < 0.05). The influence of charring temperature is more significant than that of time, and the interaction between time and temperature is also noticeable.


Table 1 | 
Result on Multivariate ANOVA (F value) of the effects of charring time and temperature on various morphological indexes of grains.






4 Discussion


4.1 Factors affecting and affected by the charring process

The interior of the grains has more porosities compared with the edge, indicating the interior is the part that becomes charred first during the charring process (
Figure 10
) (Märkle and Rösch, 2008; Yang et al., 2011), despite some studies having shown that charring may start from the exterior and then proceed inward (White et al., 2019). The reason behind this discrepancy may lie in the fact that different species of plants have different chemical composition and different sensitivity to heating, thus exhibiting different responses to charring (Gustafsson, 2000). Different charring conditions may also contribute to these variation. Our discussion revolves mainly around the results of our own experiments, but we acknowledge that there are other possibilities that could cause the same degree of charring, such as a prolonged heating at low-temperature (Charles et al., 2015; White et al., 2019). The overall shape of the grains had undergone some changes during the charring process. The rice grains gained in length, and the wheat grains became rounded. The two kinds of millet grains became larger, and the soybean seeds became flatter.




Figure 10 | 
Grain cross-section observed under SEM showed more porosities in the interior of the grains than along the edge. (A) Rice; (B) Broomcorn millet; (C) Foxtail millet; (D) Wheat; (E) Soybean.




These results demonstrate that temperature and heating time are essential factors in the charring process. Significant differences were recorded between time, temperature and changes in seed size based on the statistical analysis. Thus, we will discuss the effects of charring from two perspectives: duration and temperature. We use the term ‘shrinkage’ to refer to decrease in the grain dimensions considered (length, width, and thickness).

First, to verify the effect of different charring times on the grains, the appearance of the grains was compared when the charring time was set at 1, 3 and 5 h, respectively, while temperature was constant. The grains of “Five Grains” showed different degrees of charring under the same heating time. 
Figure 11A
 shows the change of the shrinkage rate at 270°C, which is the median value of all charring temperatures. The most considerable variation was observed for foxtail millet, followed by broomcorn millet, rice, and wheat, while the variation of soybean under different charring times was low. The most remarkable change in shrinkage rate was observed from 1 h to 3 h.




Figure 11 | 
Variation of seed shrinkage under different times and temperatures. (A) Change of shrinkage to varying times at 270°C; (B) Change of shrinkage to varying temperatures in 1h.




Second, to verify how temperatures affected the grains, the shrinkage rate of seed length, width, and thickness was compared at different temperatures after 1 h of charring (
Figure 11B
). It can be seen that the length, width, and thickness of broomcorn millet, foxtail millet, and rice shrank during charring at lower temperatures. Nevertheless, when temperature increased to 260°C, the seeds swelled and then burst as the temperature rose. The length of wheat shrank throughout the charring process and became smaller as the temperature increased, while the width and thickness only slightly increased during the heating process. The shrinkage of length, width and thickness of soybean hardly varied at different temperatures, with a tendency to shrink slightly but then expand when heated to 290-300°C. To sum up, the width of millets underwent the most alteration, and the trend of shrinkage of length, width and thickness tended to be similar under 290°C. The increase in width of millets can also be seen in the F-value which demonstrates that the width of millets was greatly affected by temperature (
Table 1
). Rice and wheat showed the highest variation in thickness and length, respectively, while the length of soybeans did not change too much compared with the other crops.



4.2 Weight and density changes caused by the temperature and heating time

Temperature showed a negative correlation with the weight of the grains. Within the experimentally simulated temperature range, the higher the temperature and the longer the heating time, the more weight loss was observed. We hypothesize that grains with high thermotolerance undergo less morphological changes during charring. In this experiment, the change in soybean weight with temperature was the smallest, while that of wheat was the largest.

It is worth noting that the density of all “Five Grains” decreased to varying degrees during the charring process. In general, soybean had the highest density and wheat had the lowest before charring. The density of the “Five Grains” displayed the same trend after charring. Foxtail millet and broomcorn millet had more severe density loss after charring compared with other species, though the differences were not considered significant. Our conclusion is that, the density has little effect on the charring process, but the charring process significantly impacts the seed density.



4.3 Temperature range of the charring process

Firstly, a higher degree of charring of the grains was observed when a higher heating temperature was used while the heating duration was kept constant. The charring process of rice was initiated at 240°C for 1 hour. At 270°C or above, it was challenging to preserve the charred rice intact. In archaeological situations, even if the rice grains charred in similar conditions were preserved, it might be hard to recognize them because the high temperature would have destroyed their diagnostic morphological characteristics. The charring process of both foxtail and broomcorn millet started at 260°C for 1 hour or 240°C for 3 to 5 hours. The charred grains were hard to recognize when the temperature reached 280-290°C. Thus, identifying archaeological finds of millets charred above this temperature is a significant challenge. Wheat started to be charred at 270°C for 1 hour or 250°C for 3 hours, and became unrecognizable at 300°C for 5 hours. The protrusions that formed on wheat grains can help determine the temperature of fire, since they appear when the grains are heated over 280°C. Soybean started to show signs of charring at 260°C for 1 hour or 240°C for 3 hours. The seeds became unrecognizable when the temperature was set at 300°C for 5 hours, which is a higher threshold than that for the other four species. This could explain why the charred soybeans survive well in archaeological sites. If the heating temperature is too high, the other types of grains will be burned to ashes, while soybean grains can survive. Therefore, the quantification of plant remains from archaeological sites must be reconsidered. At the very least, our findings show that it could be problematic to discuss the percentages of soybeans relative to the other four grains.

Secondly, the degree of charring of the grains increased with the extension of heating time when the heating temperature was set constant. For example, when the heating temperature was set at 240°C, the wheat grains turned brown and the embryo became lighter in color when heated for 1 hour. After 5 hours of heating, the internal starch grains disappeared, while the exterior cracked and turned dark brown in color. When the heating duration was set at 5 h, rice was the first grain to be charred at 240°C, followed by millets charred at 260°C and wheat at 270°C. Assuming that a wider charring temperature range allows for a higher chance of preservation, soybeans are most likely to be preserved, followed by wheat, rice, and millets. The temperature at which starch granules are modified can be broadly reconstructed through charring experiments followed by SEM-analysis. This can contribute to the archaeological interpretation of starch granules, which should be further investigated in future studies.

We summarized the charring and destruction temperatures in previous and present charring simulation experiments, as shown in 
Table 2
. It can be seen that there are relatively more studies on the charring temperature of millets and wheat compared with other species. Due to the differences in the species varieties, temperatures, durations, and oxidation-reduction reactions, there are some differences between these studies. However, in general, the data show similar trends. Previous studies allowed ashing as the end of the experiment, which means the degree of charring differs between these studies and ours. Our focus was on monitoring the changes from the beginning of charring to the loss of identification features, which is more in line with the expectations in archaeobotany. Accordingly, our data can be used to infer the charring temperatures of charred seeds found at archaeological sites.


Table 2 | 
Charring and destruction temperature ranges of “Five Grains” in different articles (Temperature control using muffle furnace in the laboratory).





4.4 Implications for charred archaeological grains

The effects of charring on seed size, weight and other characteristics have been discussed in previous sections, demonstrating that charring simulation experiments are essential and can help us understand the status of crops. Based on these experiments, we consider some indicators commonly used for crop comparison and attempt to determine when the weight/volume correction should be applied to the quantified remains.



4.4.1 L/W ratio and shrinkage rate

Size is a very important trait in the interpretation of ancient charred seeds. Complemented by other methods, size determination can be used to distinguish cultivated crops from wild species (Fuller and Harvey, 2006), as well as mature grains from immature grains (Fuller et al., 2007; Liu et al., 2007; Song et al., 2013). For example, in studies of agricultural origins, changes in the L/W ratio of rice reflect domestication and provide evidence for the origin of cultivated rice in the lower Yangtze River (Fuller et al., 2007; Liu et al., 2007; Zhao and Gu, 2009). Changes in soybean grains, such as increased grain size and oil content, reflect the influence of human selection (Lee et al., 2011; Wu et al., 2013; Chen et al., 2017). Grain size increases gradually over time, but the change is not uniform (Purugganan and Fuller, 2009). Nevertheless, size is still useful in determining the domestication center and the level of maturity of grains.

The shrinkage rate and L/W ratio are two direct indicators of morphologic changes of seeds which are commonly used to distinguish domesticates from the wild plants (White et al., 2019). 
Figure 12
 shows that the mean L/W ratios of rice and soybean increased after charring, unlike those of millets and wheat. The use of shrinkage rate as an indicator of the morphological change during charring is still controversial, as White (2019) shows that the average shrinkage of rice is not as large as previously suggested by Fuller et al., 2008 (20%) and states an average width and length reduction of 3.35% and 3.79%, respectively. When charred at 225°C, the L/W ratio of rice remains unchanged. However, our study found that the differences in L/W ratios of rice became more pronounced as the temperature increased. The average shrinkage of length, width and thickness of rice was 18.04%, 7.00%, and 24.78%, respectively, and the overall shrinkage rate of rice is 16%-17%. Our findings are less consistent with previous studies, which may be due to the difference in samples, temperature, and duration. Shrinkage reflects shift in length, width, and thickness, providing a more comprehensive representation of the overall seed morphology compared with the L/W ratio. Fluctuation in the L/W ratio, on the other hand, was relatively indistinct for millets heated at different temperatures, but more noticeable for the other three species (
Figure 13
).




Figure 12 | 
Change of indicators before and after the charring of “Five Grains” (BC=before charring, AC=after charring, B-Millet=Broomcorn Millet, F-Millet=Foxtail Millet). (A) The average L/W ratio; (B) The average volume; (C) The average weight; (D) The average density of each group.







Figure 13 | 
Average L/W and shrinkage ratio at different temperatures. (A) The average L/W ratio after charring; (B) The average variation of L/W ratio before and after charring; (C) The average shrinkage ratio.




Therefore, in studies relying on the dimensions of rice, wheat, and soybean (e.g., as evidence of domestication), it is critical to keep the impact of charring to a minimum if the L/W ratios are to be explored. One way of doing this is to set a general estimate of the charring temperature of ancient crops or to only compare the seeds from the same archaeological context (assuming that the influence of charring is insignificant within the assemblage from that context). This is because even small variations through the charring process may cause significant discrepancies in the quantified results.



4.4.2 Changes in weight and volume

Since the quantity of macrofossil remains does not directly reflect the level of their presence at a site or the yield of plants, certain corrections to quantifications are needed to more accurately reconstruct the selection of crops in agricultural production. Based on our experiments, we determined under what circumstances the weight or volume measurements of grain assemblages need corrections.

Some existing methods that use modern weight and volume to transfer the absolute number to yield are based on the premise that different crops are preserved to the same degree during and after the charring process (2021; Zhang et al., 2010; Zhou et al., 2016; Sheng et al., 2018). However, as mentioned in Section 4.3, because of the varying survival potential of plants and the fact that the weight of charred seeds varies between different charring and burial conditions, it is difficult to determine the original weight (Yang et al., 2011). Some estimates of wheat and barley yields by weight have taken into account the effects of charring (Ferrio et al., 2004), allowing the reconstruction of original weight and providing a reference for other crops. In addition, statistical methods have been developed by using the weight/volume of 1000 ancient crop grains as the conversion coefficient to estimate the yield, thus reducing the effects of charring (Liu et al., 2019; Jin et al., 2020).

An important application of this approach can be made when determining the ratio of foxtail millet to broomcorn millet. The main identification criterion used to differentiate between these millets is the shape of the embryo; therefore, this element of the grain needs to be well-preserved after charring. Modern broomcorn millet weighs 2.26 times more than modern foxtail millet (Wang and Lu, 2020). The volume of ancient specimens of broomcorn millet grain is 2.74 times higher than that of ancient grains of foxtail millet, based on the samples from a Neolithic site in Shaanxi Province (Liu et al., 2019). In this study, it was found that the average weight and volume of modern millets differ after charring by a factor of 2.08 and 2.42, while before charring these values were 2.05 and 2.38, respectively. Evidently, the effect of charring on the weight and volume of the two millets was insignificant.

In the case of foxtail millet and broomcorn millet, the changes of weight and volume were very similar, so both could be used as a control group in the analysis of the composition of archaeological crop assemblages. The average and total volumes of rice, wheat and soybean grains were relatively consistent before and after charring, while the weight was changed after charring (
Figure 12
). The quantity and weight are susceptible to the charring process and this should be kept in mind when analyzing crop assemblage containing these three species. Their volume is a more appropriate indicator of their representation than the quantity and weight. The volume and weight are more suitable than absolute counts for comparing amounts of grains of individual species within discrete temporal and spatial frameworks. However, due to the significant differences in volume and weight among the “Five Grains”, comparing these parameters between the species has no obvious advantage. In contrast, as a parameter related to weight and volume, the density has a consistent trend among different species (
Figure 12
), and it can thus be used as a measure of representation of different crops in archaeological assemblage. Furthermore, the average density of the “Five Grains” after charring was about 30%-40% lower than before charring, which is then a value that can be used as the density loss rate in conversion.

More experimental studies are needed to explore whether or not the charring process dramatically influences the composition of archaeological crop assemblages. It should also be considered that modern grains have different starch and water contents compared with ancient seeds, so experimental research also has its limitations. In the future, more seeds of different varieties should be investigated.





5 Conclusions

We investigated the weight-related, morphological and microscopic changes of several kinds of charred grains, including dehusked rice, broomcorn millet, foxtail millet, wheat, and soybean heated under aerobic conditions at different temperatures ranging from 240°C to 300°C and over periods of 1, 3, and 5 hours. The results show that the charring temperature and duration for rice, foxtail millet, broomcorn millet, wheat, and soybean were 240-300°C for 1 hour, 260-290°C for 1 hour, 260-290°C for 1 hour, 270°C for 1 hour-300°C for 5 hours, and 260°C for 1 hour- 300°C for 5 hours, respectively. Soybean was the type best preserved through the charring process, followed by wheat. In conclusion, the heating temperature and duration are the main factors directly affecting the grains, including their size, volume, and weight.

This paper provides a reference for understanding the influence of charring, and proposes the significance and applicability of L/W, shrinkage, volume, weight, and density when analysing charred grains. L/W ratio and shrinkage help us understand charring-induced changes in the dimensions of the grains, which can be used for disentangling domesticated from wild grain types, determination of the maturation stage of the grains, or distinguishing genera and species of plants. Weight and volume can be used to analyze the causes of variations between the results of macrofossil and microfossil studies, and gain new archaeobotanical insights. Volume can be used as a conversion factor in the quantification of rice, wheat and soybean, and both volume and weight can be used for the quantification of millet.

This study provides a solid foundation for understanding the factors contributing to the charring of the “Five Grains”. Further investigation is still needed to integrate the results of modern simulation experiments and ancient samples along with the application of additional methods, such as the geometric morphometrics. The combined current and future results will enable us to better quantify the human-plant relationship.
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Family Taxa

Poaceae Setaria italica
Foxtail millet lump
Oryza sativa/fragments
Rice spikelet base
Panicum miliaceum
Triticum aestivum/fragments
Bread wheat rachilla
Hordeum vulgare/fragments
Avena sativa/fragments

Polygonaceae Fagopyrum esculentum

Fabaceae Vigna angularis

Total

28,105
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5,141
21
13
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Family Genus/Species  Total Measurement (mm)

Average  Average Average
length width diameter
Poaceae Digitaria sanguinalis 10 1.12 0.58
Setaria viridis 6 1.22 0.73
Panicum bisulcatum 3 1.24 0.94
Ischaemum barbatum 5 1.33 0.66
Fabaceae Melilotus sp. 21 1.36 0.86
Lespedeza sp. 18 1.43 0.98
Vicia sepium 8 2.20
Lamiaceae Perilla frutescens 24 1.20
Polygonaceae Rumex acetosa 6 1.26 0.88
Polygonum 1 1.31
amphibium
Cyperaceae Schoenoplectus 1 1.38 1.39
juncoides
Chenopodiaceae  Chenopodium album 1 0.89
Potamo- Potamogeton 1 1.37 1.11
getonaceae distinctus
Trapaceae Trapa sp. 8
Adoxaceae Sambucus javanica 4 1.49 0.90
Verbenaceae Vitex negundo var. 31 2.26 1.66
heterophylla
Rubiaceae Galium sp. 63 121
Scrophulariaceae Veronica polita 1 1.05
Valerianaceae Patrinia scabiosifolia 1 1.36 0.72
Alangiaceae Alangium chinense 1 5.18 319
fragment
Anacardiaceae Rhus chinensis 1 2.18 2.62
Rutaceae Zanthoxylum 1 220
bungeanum
Vitaceae Vitis sp. 2 2.98 2.60
Rosaceae Armeniaca mume 6

fragments
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Cultural attributes

Modern

Shunshanji Phase 3

Shunshanji Phases 182

Deposit

T07370
T07370a
07370

G2(10)
G2(12)
G2(14)
G2(32)
G2(33)a
G2(35)a
G2(36)a
G2(37)a

Parent soil

Color

gray
light gray
dark gray
black
black gray
black gray
dark gray
dark gray
gray

gray

light gray
dark gray
black gray
light gray
black gray
light gray
yellowish

ithology description

Structure

hard-close
loose
hard-close
loose
hard-close
hard-close
hard-close
loose
hard-close
loose
hard-close
hard-close
hard-close
hard-close
loose
loose

hard-close

Texture

clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay

Inclusions

modern plant roots
sintering red soil

potshards, animal bones, shells

potshards,sintering red soil, animal bones, shells

animal bones, shells

potshards, sintering red soil, animal bones, shells

potshards, stone tools, sintering red soil, animal bones, shells
potshards, animal bones, shells

potshards,sintering red soil, animal bones, shells
potshards,sintering red soil, animal bones, shells

potshards, animal bones, shells

potshards, animal bones, shells

potshards, animal bones, shells

potshards, animal bones, shells

potshards, animal bones, shells

potshards, animal bones, shells
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Plant type  Plant taxa

Arboreal Quercus, Castanopsis, Ulnus, Fagaceae, Betula, Corylus, Carpinus, Lauraceae

Shrubsand  Rumex, Mollugo stricta, Artemisia, Plantago, Setaria viridis, Digitaria sanguinalis, Digitaria chrysoblephara, Physalis lkekengi, Patrinia scabiosacfolia,

tervestrial herbs ~ Galium aparine var. echinospermum, Vicia sepium, Coix lacryma-jobi, Trichosanthes kirilowii, Triticeae, Panicoideae, Pooideae, Poaceae, Chenopodiaceae,
Bambusoidea, Portulacaceae, Chenopodiaceae, Asteraceae, Amaranthaceae, Caryophyllaceae, Fabaceae

Wet herbs. Oryza sativa, Phragmites australis, Echinochloa crusgalli, Cyperaceae

Aquatic herbs  Euryale ferox, Myriophyllum, Juncellus serotinus, Typha

Ferns Ceratopteris, Triletes, Monoletes
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Analytical methods
Flotation

Phytolith analysis

Starch grain analysis

Plant taxa

Oryza sativa, Portulacaceae, Rumex, Chenopodiaceae, Mollugo stricta, Asteraceae, etc.
Oryza sativa, Phragmites australis, Echinochloa crusgalli, Cyperaceae, Panicoideae,
Pooideae, etc.

Coix lacrymasjobi, Triticeae, Oryza sativa, Trichosanthes kirilowi, Quercus,etc.

Remarks and references

(Zhangetal., 2014)
(Zhang et al,, 2014; Luo et al., 2016; Wu et al,, 2017)

Samples from stone tools and pottery caldrons

(Zhang etal., 2014; Yang etal, 2016)
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Type Subtype Granule shape Size range Mean size  Hilum  Fissures Lamellae  Extinction ID

(um) (um) cross
I Ta Spherical/Sub-rounded/ 5.64-20.42 12.69 £34  Centric Absent Absent Straight Colocasia spp./
Rounded polygonal Alocasia spp.
b polygonal/round <5 <5 Centric Absent Absent Straight Colocasia esculenta
IT Ta Triangular/Elliptical 15.82-40.17 27.53 £7.71  Highly Rare Visible on Bent arms Dioscorea alata
eccentric large grains
b Ovoid/Elongated ovoid 12.05-33.06 2141 £ 651  Highly Absent Absent Bent arms Dioscorea spp.
eccentric
1 Elongated ovoid 1233-35.83 2377 +724 Extremely  Absent Absent Bent arms Arenga sp.
eccentric
v Ovoid 13.3-16.26 14.78 + 148  Extremely Absent Absent Bent arms Zingiber sp.
eccentric
v Polygonal 7.44-18.12 11.75 £ 292 Centric Lined Absent Straight Setaria italica
fissures
VI Irregular ovoid 11.16-12.95 1251 £09  Slightly Absent Absent Bent arms Quercus sp.
eccentric
VII Kidney 29.68-34.66 3217 £349  Centric Small Absent Bent arms Vigna sp.
fissures

VIII Polygonal 4-6.67 575 +£0.83  Centric Absent Absent Straight Oryza sativa
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Tool Field number

Bai Ben site

1 01 BB H11 L3 a2: 141

2 BB 99. TS2. T1 M1 L3.
€2: 410

3 BB 99. TS2. T1 L5 b4:
1242

4 01 BB HI1 L3 c2: 220

B 01 BB H11 L3 b4. 87

Total

Total %

Bai Cat Don site

1 13 CD H1 L1 b3. 32
13 CD H1 L1 b5

03 CD Hl1 14 Al: 94
03 CD H1 14 D5

03 CD H1 L3 D2. 76
03 CD H1 L3 D1

13 CD H1 L1 a5.8
03 CD HI L4 A4

13 CD L1 a3. 56

10 03 CD H1 L2 b2

o e N O o WM

Total

Total %

Trang Kenh site

1 35D18 C

2 H1 L7 d4 734 D18

3 96 TK L3 (5) D4 552
4 96 TK L5 (5) D622
B 86 TK H1 L5 60
Total

Total %

Tool type

Grinding stone

Muller/Pounder
Muller/Pounder

Grinding stone tool “Ha Long
Mark”

Short axe

Grinding stone
Grinding stone
Grinding stone
Grinding stone
Grinding stone
Grinding stone
Muller/Pounder

Pitted pebble
Shouldered axe fragment

Grinding stone tool “Ha Long
Mark”

Grinding stone
Muller/Pounder
Muller/Pounder
Chopper

Adze

Starch Type Total
Aroid Yam Palm Ginger Millet Acorn Bean Rice
Ia Ib Ila IIb I v A% VI VIl VI
5 1 1 3 10
11 6 1 18
6 2 1 1 10
1 1 2
6 2 3 11
29 11 3 3 1 4 51
56.86% 2157% 5.88% 5.88%  196%  7.84% 100.00%
1 1 2
6 3 9
9 2 3 1 1 16
3 1 4
1 1 2 4
1 2 2 1 6
1 1
1 1 2 4
1 2 3
11 1 12
32 2 7 1 4 11 2 2 61
52.46% 3.28% 1148% 1.64% 6.56% 18.03%  328%  3.28% 100.00%
6 4 5 15
5 1 10 2 18
2 2
2 2
1 1
14 1 16 7 38
36.84% 263%  42.11% 18.42% 100.00%
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Site Sample 14C dates Material Cal. BP Context Reference

name No. BP (20)
Bai Ben HNK-92 3900 + 80  marine mollusc shells (species 3950 - 3453  Layer 4 Nguyen and Tran, 2009; Nguyen and
unknown) Clarkson, 2013
HNK-91 3380 +55  marine mollusc shells 3262 - 2852 Sterile bottom Nguyen and Tran, 2009; Nguyen and
Clarkson, 2013
HNK-87 3180 +55  marine mollusc shells 3021 - 2664 Sterile bottom Nguyen and Tran, 2009; Nguyen and
Clarkson, 2013
HNK-86 3150 £55  marine mollusc shells 2981 - 2611 Layer 4 Nguyen and Tran, 2009; Nguyen and
Clarkson, 2013
HNK- L1 3450 + 120  plant fragments 4078-3411  plant fragments in pottery Nguyen and Tran, 2009
HNK- L2 3590 + 140 plant fragments 4346-3493  plant fragments in pottery Nguyen and Tran, 2009
Trang AA-2772 3250 +55  charcoal 3616-3362  160-180 cm, M1 Trench 1, 1986 ~ Nguyen, 1996
Kenh excavation
AA-2773 3340 £70  charcoal 3821-3400  180-200 cm, M2 Trench 2, 1986  Nguyen, 1996
excavation
BIn-3710 3260 £ 150  charcoal 3884-3079  160-180 cm, M1 Trench 1, 1986  Nguyen, 1996
excavation
Bln- 891 3405 +90  charcoal 3885-3451 190 to 210 cm, Trench 1A, 1969 Nguyen, 1996
excavation
ZK-307 3005 + 100  charcoal 3442-2885 140 cm, Trench 1B, 1969 Nguyen, 1996
excavation
ANU- 3440 £ 60  charcoal 3868-3495  Layer 5, 175 to 190 cm Tang and Nguyen, 2003
10884
BA-97005 2390 +60  charcoal 2706-2332  layer L2 Nguyen, 2005a
BA-97006 3330 £90  charcoal 3827-3377  layer L2 Nguyen, 2005a
BA-97007 3910 + 60 charcoal 4519-4153  layer L2 Nguyen, 2005a
BA-97008 3080 + 60  charcoal 3445-3080  layer L3 Nguyen, 2005a
BA-97009 3190 + 60  charcoal 3561-3250  layer L3 Nguyen, 2005a
BA-97010 3000 + 60 charcoal 3354-3002 layer L3 Nguyen, 2005a
BA-97011 3390 + 60  charcoal 3827-3469  layer L4 Nguyen, 2005a
BA-97012 3440 + 60  charcoal 3868-3495  layer L4 Nguyen, 2005a
BA-97013 3530 £70  charcoal 4066-3591  layer L5 Nguyen, 2005a
BA-97014 3220 +60  charcoal 3573-3267  layer L5 Nguyen, 2005a
HNK-1/1 3035 £ 160  charcoal 3570-2789 140 to 160 cm Nguyen, 2005a
HNK- 2970 + 115  plant fragments 3441-2851  plant fragments in pottery Nguyen, 2005a
KT3L1
HNK- 3120 £135  plant fragments 3680-2960  plant fragments in pottery Nguyen, 2005a
KT3L2

Calibrated through OxCal v4.4.2 (Ramsey, 2009) to 20 cal. BP. Charcoal and plant fragment were calibrated with the INTCAL20 dataset (Reimer et al., 2020), and marine shells were
calibrated with the standard MARINE20 dataset (Heaton et al., 2020) without a local marine reservoir (AR) calculation.
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Country

Vietnam

Cambodia

Thailand

Site

Dong Dau
Thanh Den
Xuan Kieu
Tu Son

Bai Cu

Bai Man
Thach Lac
Rach Nui
An Son
Loc Giang
Krek 52/62
Samrong
Sen

Mlu Prei
Banyan
Valley Cave
Ban Chiang
Non Nok

Tha

Khok
Charoen

Non Pa Wai

Non Mak La

Nil Kham
Haeng

Tha Kae

Ban Lum
Khao

Khok
Phanom Di

Province

Vinh Phuc

Vinh Phuc

Hanoi

Bac Ninh

Thanh Hoa

Thanh Hoa

Ha Tinh

Long An

Long An

Long An

Kompong

Cham

Kampong
Chhnang

Preah
Vihear

Mae Hong
Son

Udon Thani
Khon Kaen
Lopburi
Lopburi
Lopburi
Lopburi
Lopburi
Nakhon

Ratchasima

Chonburi

Age
(BP)

3400-
2800
3700-
2600
3500-
3200
3500-
3200
4000-
3500
3500-
3200
4000-
3500
3500-
3300
4200-
3150
4000-
3300
4620-
3690
3800-
3200

3500-
1300

5500-
1300

3600-
3100

3500-
3000
3500-
3150
4470-
2700
4100-
2700
3350-
2500
3700-
3100

3400-
2600

4000-
3500

Collecting method  Rice

Flotation X

Flotation x

Impression X

Impression X

Impression X

Impression X

Pollen x

Flotation, phytolith x X

Impression, microCT X

Impression, microCT x

Impression x

Impression X

Impression x

Dry-sieving X

Flotation, dry-sieving, X

pollen, impression

Impression X

Impression X

Flotation x (after %
3000 BP)

Flotation, phytolith x (after x
3000 BP)

Flotation, phytolith x (after X
3000 BP)

Phytolith, impression x

Flotation, impression x

Impression, dry-sieving,  x
hand-picked

millet

Foxtail Broomcorn

millet

Reference

Nguyen, 2002; Nguyen, 2013; Nguyen,2017
Nguyen, 2017

Nguyen, 1998; Nguyen, 2017

Nguyen, 1998

Nguyen, 1998

Nguyen, 1998

Nguyen, 2013

Castillo et al., 2018; Weisskopf, 2018
Bellwood et al., 2011; Barron et al,, 2017
Barron et al,, 2017

Albrecht et al., 2000; Vanna, 2002

Vanna, 2002

Vanna, 2002

Yen, 1977

Higham, 1989; Kealhofer and Penny, 1998;

Higham et al., 2015

Bayard, 1972; Vincent, 2002; Higham et al.,
2015

Vincent, 2002

Pigott et al., 2006; Weber et al., 2010
Pigott et al., 2006; Weber et al., 2010
Pigott et al., 2006; Weber et al., 2010

Kealhofer, 1998; Rispoli et al., 2013;
Higham, 2014

Tayles et al.,, 2000; Higham and Thosarat,
2004; Higham et al,, 2015

Thompson, 1996; Higham and Thosarat,
2012; Higham, 2014
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Type of plant remains Number of samples Range mean % SD

Large broomcorn millet 12 30.6—32.7 31.6+£0.6
Small broomcorn millet 12 31.1-33.1 31.8+0.6
Large foxtail millet 12 25.7-27.8 26.5+0.6
Small foxtail millet 12 25.5-27.3 263+0.5
Hemp 8 19.4-20.6 21.1£0.4
Buckwheat 8 18.6—19.5 192+0.3
Hulled barley 8 18.3—19.6 19.0 £ 0.4
Chenopodium 8 17.8—19.7 18.7 £0.8
Vaccaria segetails 8 18.6—19.7 19.2 £0.4
Seteria viridis 8 25.2—25.7 259+0.5
Echinochloa crusgalli 8 24.0—25.2 245404
Setaria glauca 8 24.4-27.0 256 +0.9
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Type of plant remains

Crops

Foxtail millet
Broomcorn millet
Hulled barley
Buckwheat
Bean

Hemp

Naked barley
Wheat

Flax
Muskmelon
Weeds
Setaria glauca

Chenopodium

Echinochloa crusgalli

Setaria viridis
Vaccaria segetails
Rubia cordifolia
Humulus scandens
Elymus

Compositae
Xanthium sibiricum

Aggregate

Fifth bag

71,327
32,186
1,663
388
235
190
49

2,618
1,068
1,002

111,065

Seventh bag

63,997
36,143
2212
390
218
152
55
7
7
1

2,564

1,258
1,102

108,405

Ninth bag

29,394
13,572
956
243
138
84
22
1

1,132
221

60
43
19

1
46,248

Sum

164,718
81,901
4,831
1,021
591
426
126
16
12
5

6,314
2,547
2,460
360
254
82
32
12
6
4
265,718

Proportion

61.99%
30.82%
1.82%
0.38%
0.22%
0.16%
0.05%
0.01%

2.38%
0.96%
0.93%
0.14%
0.10%
0.03%
0.01%

100%
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Common Name

foxtail millet
broomcorn millet
barnyard millet
sorghum
barley

oats
buckwheat
soybean
cowpea
cannabis
perilla

Total

Absolute Quantity

2530
616
2963
53
16
120

53
26

12
6392

Absolute Quantity Ratio

39.58%
9.64%
46.35%
0.83%
0.25%
1.88%
0.03%
0.83%
0.41%
0.02%
0.19%
100%

Ubiquity

86.96%
69.57%
91.30%
4.35%
8.70%
65.22%
4.35%
26.09%
17.39%
4.35%
13.04%
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Family

Poaceae

Polygonaceae

Leguminosae

Euphorbiaceae
Cannabaceae

Lamiaceae

Rosaceae
Rutaceae
Chenopodiaceae
Asteraceae
Adoxaceae

Amaranthaceae

Genus/Species

Setaria italica
Panicum miliaceum
Echinochloa esculenta
Sorghum bicolor
Hordeum vulgare
Avena sativa
Setaria sp.
Panicum sp.
Poaceae
Fagopyrum esculentum
Polygonaceae
Glycine max
Vigna unguiculata
Leguminosae
Euphorbiaceae
Cannabis Sativa
Perilla frutescens
Amethystea caerulea
Rubus sp.
Phellodendron chinense
Chenopodium sp.
Xanthium sibiricum
Sambucus chinensis

Kochia scoparia

Counts

2530
616
2963
53
16
120
243
10

20
53
26

6715

Percentage

37.68%
9.17%

44.13%
0.79%
0.24%
1.79%
3.62%
0.15%
0.01%
0.06%
0.30%
0.79%
0.39%
0.07%
0.03%
0.01%
0.18%
0.07%
0.06%
0.01%
0.21%
0.01%
0.06%
0.16%

100.00%
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Sampling units Sample quantity Total weight (g) Average weight(g)

House sites 18 157.83 8.77
City gate 3 4.03 1.34
Drainage ditch 1 0.863 0.863
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No. Taxa

1 Quercus fleuryi

2 Quercus blakei

3 Quercus kiukiangensis
4 Quercus sessilifolia

5 Quercus kouangsiensis
6 Quercus schottkyana
7 Quercus lamellosa

8 Quercus augustinii
9 Quercus phanera
10 Quercus gilva

11 Quercus variabilis
12 Quercus franchetii
13 Quercus longispica
14 Quercus serrata

15 Quercus aliena

Infragenious groups/sections

Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cerris
Ilex
Ilex
Quercus

Quercus

STB

STB

STB

STB

STB

STB

STB

STB

STB

CTB
West Eurasian Cerris

East Asian Ilex
Himalayan subalpine
Roburoids

Roburoids

Length range (um)

4.57-13.37
7.85-30.1
8.98-28.1
7.67-26.63
5.86-18.37
6.28-20.73
3.53-20.24
7.87-2491
6.17-33.67
9.12-19.68
7.59-27.44
7.01-25.76
6.08-33.97
5.99-19.44
6.81-16.83

Mean length (um)

821+ 175
17.11 + 443
16.3 + 4.67
17.26 + 4.46
1138 £ 221
12.93 + 3.87
11.25 £ 3.72
14.02 + 3.52
17.35 + 5.96
12,67 £ 1.8
1271 £ 4.12
13.44 + 4.0
1592 + 5.76
11.31 + 2.65
11.24 + 2.34

The leaf trichome base (TB) characteristics were obtained from Deng et al. (2014) and Hipp et al. (2020): single-celled trichome base (STB); compound trichome base (CTB). Elev.: elevation.
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Infragenious
groups/
sections
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Cyclobalanopsis
Quercus
Quercus
Quercus

Quercus

Quercus

Quercus

Quercus

Lithocarpus

Lithocarpus

Lithocarpus

Lithocarpus

Lithocarpus

Lithocarpus

Lithocarpus

Lithocarpus
Lithocarpus

Lithocarpus

Lithocarpus
Lithocarpus
Lithocarpus

Castanopsis

Castanea

Lithocarpus

Quercus
Lithocarpus
Lithocarpus

Lithocarpus

Sample Granule Shape

count
Quercus blakei 169 Oval, bell-shaped
Quercus 157 Oval, subcircular
kouangsiensis
Quercus 121 Oval, bell-shaped
argyrotricha
Quercus gilva 331 Subcircular, bell-
shaped
Quercus 178 Subcircular, oval,
kiukiangensis bell-shaped
Quercus 101 Drop-shaped
phanera
Quercus 152 Subcircular, oval,
schottkyana bell-shaped
Quercus 148 Oval
sessilifolia
Quercus 132 Oval, bell-shaped
augustinii
Quercus 132 Oval, bell-shaped
litseoides
Quercus 108 Subcircular, oval,
lamellosa polygonal
Quercus fleuryi 101 Subcircular, oval
Quercus 152 Drop-shaped,
cocciferoides subcircular
Quercus serrata 151 Oval, rounded
triangle
Quercus aliena 175 Oval, rounded
triangle
Quercus 108 Drop-shaped,
variabilis rounded triangle
Quercus 110 Drop-shaped
franchetii
Quercus 123 Drop-shaped,
longispica oval, polygonal,
bell-shaped,
subcircular
Quercus 172 Drop-shaped,
marlipoensis oval, polygonal,
subcircular
Lithocarpus 179 Spherical caps,
dealbatus oval, polygonal,
circular
Lithocarpus 145 Polygonal,
craibianus subcircular
Lithocarpus 104 Polygonal, bell-
mairei shaped,
subcircular
Lithocarpus 140 Subcircular,
pachylepis polygonal, bell-
shaped
Lithocarpus sp. 105 Subcircular,
polygonal, bell-
shaped
Lithocarpus 230 Subcircular, bell-
elizabethiae shaped
Lithocarpus 105 Subcircular,
longipedicellatus polygonal, bell-
shaped
Lithocarpus 124 Subcircular
fenzelianus
Lithocarpus 131 Polygonal, oval,
balansae subcircular
Lithocarpus 165 Polygonal, bell-
skanianus shaped,
subcircular
Lithocarpus 126 Polygonal,
longanoides subcircular
Lithocarpus 143 Oval, subcircular
xylocarpus
Lithocarpus 167 Bell-shaped,
longinux subcircular
Castanopsis 109 Polygonal,
orthacantha subcircular, bell-
shaped, oval
Castanea 150 Drop-shaped,
seguinii subcircular, oval,
polygonal

Quercus rex — =
Lithocarpus sp. — —

Quercus — s
patelliformis

Lithocarpus — —
gymnocarpus

Lithocarpus — —
bacgiangensis

Lithocarpus c.f. — —
annamitorus

Length Mean

range
(um)

7.84-
30.10

5.86-
18.37
9.41-
22.50
9.12-
19.67
8.98-
28.10
6.17-
33.67
6.28-
20.73
7.67-
26.63
7.87-
24.91
7.46-
16.89
3.53-
20.24
4.57-
13.37
593-
30.06
5.99-
19.44
6.81-
16.83

7.59-
27.44

7.01-
25.76

6.08—
33.97

5.11-
28.21

8.01-
31.75

10.27-
27.81

959~
27.01

5.54-
16.44

321-
24.25

5.15-
21.43

4.31-
30.63

4.62-
12.98
10.71-
30.46
10.50-
41.47

9.32-
24.07
7.21-
22.47
5.57-
10.47
8.69-
22.60

5.58-
21.41

length
(nm)

17.11 =
4.43

1138 +
221
14.67 +
3.02
12.67 £
1.80
163 +
467
17.35 +
5.96
12.93 +
3.87
17.06 +
446
14.02 +
3.52
11.83 +
2.32
1125 +
372
821+
175
18.68 +
5.29
1131 £
2.65
1124 +
2.34

1272 +
4.12

1344 +
4.00
1592 +
5.76

12,55 =
4.66

17.23 =
4.58

17.47 +
3.72
18.30 +
4.20

10.28 =
232

11.54 +
4.93

10.10 =
2.67

14.40 +
5.48

835+
1.94

19.04 +
4.10

19.35 +
5.04

1541 =
3.38
13.23 +
3.48
7.70 =
0.95
16.16
3.27

1331+
3.93

Hilum

Eccentric
Eccentric
or centric
Eccentric
Eccentric
or centric
Eccentric
Eccentric
Eccentric
or centric
Eccentric
Eccentric
Eccentric
Eccentric
Centric

Eccentric
or centric
Eccentric

Eccentric

Eccentric

Eccentric

Eccentric

Eccentric

Eccentric

Centric

Centric

Centric

Centric

Centric

Centric

Centric

Eccentric
or centric

Eccentric
or centric
Centric

Eccentric
or centric

Centric

Centric

Eccentric
or centric

Fissures

None

None

None

Linear-
shaped

Linear-
shaped

None

None

None

None

None

None

None

Linear-
shaped

Linear-
shaped

Linear-
shaped

Linear-
shaped or
Y-shaped

None

Linear-
shaped, V-
shaped, or
X-shaped

None

None

None

Linear-
shaped or
X-shaped
Linear-

shaped or
X-shaped

None

Linear-
shaped or
X-shaped

None

None

None

None

Linear-
shaped
None

None

None

None

Lamellae

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None
Well-
defined
Well-
defined
Well-
defined
None

None

None

None

Polarizing
cross

X-shaped
X-shaped or
cross-shaped
X-shaped
X-shaped or

cross-shaped

X-shaped or
cross-shaped
X-shaped
X-shaped or
cross-shaped
X-shaped
X-shaped
X-shaped
X-shaped
X-shaped or
cross-shaped
Cross-shaped
X-shaped

Faint

Faint

Faint

X-shaped

Cross-shaped
or X-shaped

Cross-shaped

Cross-shaped

Cross-shaped
or X-shaped

Cross-shaped
or X-shaped

Cross-shaped
or X-shaped

Cross-shaped

Cross-shaped
or X-shaped

Cross-shaped
X-shaped

Cross-shaped
or X-shaped

Cross-shaped
Cross-shaped
or X-shaped

X-shaped

Cross-shaped

X-shaped

Compound
granules

None
12.7%
3.3%
37%
None
None
None
None
None
3.8%
2%
None
None
None
None

None

None

2%

None

10.6%

None

2%

9%

1%

2%

None
6.9%

24%

4%
None
22.8%

2%

3%
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Samples

Volume flotated (liters)
No. of samples

No. of identified crops
Foxtail millet

Wheat

Broomcorn millet
Hulled barley

Rice

Total crop remains

Northern Song

Around 52L

Song-Jin

Around 240L
34

Jin*

Around 90L
23

21010
46
22

0
0
21078

*A large number of crop remains have been unearthed from two flotating samples of the

Jin Dynasty, including 353.5 g foxtail millet and 55.15 g boiled plant containing foxtail

millet caryopses.
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Context

HB80 (sealed by
layer 8)

Layer 8
Layer 7
Layer 7

HI1 (sealed by
layer 7)

HII (sealed by
layer 7)

Layer 6

F27 (sealed by
layer 6)

Layer 7

Material

Foxtail millet
grains (n = 15)

Wheat grain
Wheat grain
Wheat grain
Wheat grain

Wheat grain

Foxtail millet
grains (n = 15)

Foxtail millet
lump

Wheat grain

Lab Code

LZU21637

LZU21638
LZU21639
LZU21640
LZU21641

LZU21642

LZU21644

LZU21645

LZU21646

Cal. date BP

1050 £ 20

1080 £ 20
1130 £ 20
1130 £ 30
1100 £ 20

1040 £ 20

950 £ 20

910 £ 20

890 + 20

Calibrated age CE
(68.2% prob.)

994-1021

899-1014
890-973
889-976
898-991

999-1021
1040-1151
1048-1199

1158-1212

Calibrated age CE
(95.4% prob.)

904-1029

895-1021
882-991
774-994
892-994

989-1031
1033-1158
1043-1212

1048-1220
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RPPs and SEs FSPs(m s-1)

Pollen types

S3 S3 S4
Herbs/Shrubs
Artemisia 2115 + 0.56 15.11 +0.37 14.79 + 0.30 17.01 + 0.40 3.48 +0.20 0.01 0.01 0.01 0.01 0.03
Compositae 44+029 3.8 + 0.15280707 4.1+022 0.03 0.03 0.03
Chenopodiaceae 4.46 + 0.68 4.95 + 0.57 7.57 + 0.64 5.66 + 0.62 4.28 £0.27 0.01 0.02 0.01 0.01 0.02
Poaceae 1.00 + 0.00 7 1.00 + 0.00 .1.00 £ 0.00 1.00 + 0.00 7 100 0.02 0.03 0.02 0.02 0.04
Ephedra 125 £0.18 111 +0.16 118 +0.17 0.02 0.02
Ranunculaceae 7.77 + 1.56 5.34 + 0.96 7.86 + 2.65 6.99 + 1.72 1.96 + 0.36 0.01 0.01 0.01 0.01 0.01
Rosaceae 0.22 +0.09 0.53 + 0.07 0.53 + 0.049 0.42 + 0.06 0.01 0.02 0.02 0.01
Trees
Pinus 18.37 +0.48 13.75 +0.58 17.49 + 0.46 16.53 + 0.5 6.38 +0.45 0.04 0.04 0.03 0.03 0.03
Abies 6.88 + 144 6.88 + 1.4 6.88 + 1.44 0.01 0.01 0.12
Picea 2.55 + 0.04 29.4+ 087 15.97 + 045 2.62 +0.12 0.06 0.08 0.07 0.06
Betula 1242 £ 012 10.26 +0.12 11.28 + 0.16 1132 £ 0.13 9.07 +0.10 0.01 0.02 0.02 0.02 0.02
Carpinus 1.64 + 0.07 1.64 +0.07 3.55 +0.43 0.03 0.03 0.04
Alnus 9.86 + 0.09 9.86 + 0.09 9.07 +0.10 0.02 0.02 0.02
Quercus 5.19 +0.07 4.27 +0.04 2.5+ 0054 3.98 +0.05 5.83 +0.15 ‘ 0.02 0.03 0.02 0.02 0.04
Salix 1.21 +0.04 1.21 +0.04 122 £0.11 0.03 0.03 0.02
Tilia 0.65 +0.11 0.85 + 0.09 04 +0.1 0.63 + 0.1 0.80 + 0.03 0.03 0.03 0.03 0.03 0.03
Ulmus 413 +£0.92 5.29 + 0.80 2.24 + 046 3.88 +£0.72 1.27 £0.05 0.02 0.03 0.02 0.02 0.03
Juglans 7.69 +0.24 4.83 +0.18 3.28+0.11 5.26 +0.17 2.35+0.11 0.03 0.03 0.03 0.03 0.06
Several sets of published RPPs and FSPs are shown, i.e., those of Li et al. (2018; S1), Zhang et al. (2021; S2), and Wieczorek and Herzschuh (2020; $3). A fourth set (54) of RPPs and FSPs
was obtained by averaging those for the S1, 52, and S3 data sets. RPPs and FSPs that have been published for Europe (Mazier et al., 2012) are also shown for comparison. All RPPs are
related to Poaceae.
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Depth Lab. Materials  AMS 14C  Uncertainty 2c-range calibrations (cal. yr Median age,

(cm) code yr BP BP) with probability cal. yr BP
DBSP DBSP- 35 NENUR Plant 215 35 135-225 (50.3%) 190
1 10479 residues
DBSP- 73 NENUR Plant 1300 40 1170-1300 (90.9%) 1225
2 10480 residues
DBSP- 131 NENUR Bulk organic 2625 40 2705-2800 (87.8%) 2750
3 10481 matter
DBSP- 195 NENUR Bulk organic 5030 50 5655-5905 (93.4%) 5785
4 10483 matter
DBSP- 225 NENUR Plant 4675 50 5310-5485 (85.7%) 5405
5 10484 residues
DBSP- 258 NENUR Bulk organic 6320 60 7155-7365 (85.1%) 7240
6 10485 matter
DBSP- 290 NENUR Bulk organic 6260 60 7145-7351 (60.3%) 7180
7 10486 matter
DBSL DBSL- 120 SNQDIACI Bulk organic 1470 85 1179-1537 (93.3%) 1265
1 matter
DBSL- 460 SNQD14C2 Bulk organic 4230 100 4441-5209 (93.3%) 4511
2 matter
DBSL- 800 SNQD14C3 Bulk organic 7225 140 7782-8355 (95.4%) 7782
3 matter
DBSL- 960 SNQD14C4 Bulk organic 9735 125 10695-11605 (92.7%) 11107
4 matter
SYP SYP-1 73 NENUS5 Bulk organic 1630 65 1375-1696 (89.7%) 1503
matter
SYP-2 189 NENU6 Bulk organic 3100 75 3076-3459 (92.5%) 3298
matter
SYP-3 289 NENU7 Bulk organic 4580 80 4974-5550 (92.2%) 5253
matter
SYP-4 381 NENUS8 Bulk organic 6745 90 7430-77501 (92.5%) 7605
matter
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Chronology;
Basin radius Pollen Number of dating end date

References

()} count controls )

DBSL 12322 44.83 Lake 5000 Raw 4 8761

DBSP 12321 44.84 Peat 1500 Raw 6 7340

SYp 125.56 43.61 Peat 800 Raw 4 6485 Chen, 1997
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Lab sample# Sampling location Bast Cotton Wool UNID Total

S1-1 1 1
S1-2 L. 926, surface in Room C70, B. CI 1 3 1 5
S2-1 4 1 3 8
522 L. 945, Room C70-under surface, Bl. CI 6 3 6 15
$3-1 4 6 4 14
$3-2 L. 930, surface 910, north of Room €377, located just to north of the courtyard of Building CI 1 2 3
S§7-1 4 2 7 13
$7-2 L. 965, surface in Room C70, Bl. CI 1 2 3
S8-1 2 1 2 5
$8-2 L. 965, surface in Room C70, Bl. CI 18 4 2
§9-1 4 2 6
$9-2 L. 965, surface in Room C70, Bl. CI 2 2
S10-1 1 3 4
$10-2 L. 930, surface 910, north of Room C377, located just north of the courtyard of Building CI 7 1 8
S11-1 5 5
S11-2 L. 930, surface 910, north of Room C377, located just to north of the courtyard of Building CI 4 5 9
Total n 62 17 2 42 123
Total % 50.4 13.8 1.6 34.1 100.0
Ubiquity n 14 6 2 13 16
Ubiquity % 87.5 375 125 813 100.0
Control-1 The field at the foot of the Tel 1 1
Control-2 The Tel surface near southwest of Area C 2 1 3
Control-3 The Tel surface near west of Area C. 1 1 2
Control-4 About 1 km north of the site, near the road leading to the site 3 3
Control Total n 7 2 9
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Sample no. Laboratory no. Methods Material 1C/12C (%) 14C date (BP) Calibrated age (cal a BP)

10 range 20 range

JS-YC-JH-DTP-H13(3)}-W Beta-566084 AMS wheat -23.1 2,460 + 30 2,699-2,434 2,707-2,365
JS-YC-JH-DTP-H54(2)-F Beta-566085 AMS foxtail millet -93 2620 + 30 2,724-2,618 2,738-2,493
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Sample ID Depth (om) Sampletype U (ppm)  Th(pm) K (%)

SLK-1
SLK-2
SLK-3
SLK-sed-1
SLK-sed-2

210
210
210
210
210

Pottery shard
Pottery shard
Pottery shard
‘Sediment
Sediment

3.71£0.40 14.25+0.80 2.74 % 0.04
4.23+£0.50 19.06 +£0.90 3.24 £ 0.04
250 £0.30 12.81 £0.70 2.37 + 0.04
3.65+0.40 13.49 +0.80 2.07 +0.04
3.38+040 949+060 2.01+0.04

Beta (Gy/ka) Gamma (Gy/ka) Cosmic ray (Gy/ka) Water content (%) Dose rate (Gy/ka) Disc

2.96 4 0.04
3.43+0.04
259+ 0.04
2.42+0.04
2.32+0.04

1.56 & 0.004
1.77 £ 0.005
1.44 £ 0.003
1.38 £ 0.004
1.29 £ 0.004

The gamma dose of SLK-1 comes from SLK-sed-1; gamma doses of SLK-2 and SLK-3 were derived from SLK-sed-2.

092
0.92
0.92
0.92
0.92

525 412£0.18
5+25 4.45+0.20
5+25 37+0.16

7
18
18

De (Gy)  Age (ka)

24.21+3.06 59408
23.85+0.56 54 +03
18.92 £ 047 51+£03
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SampleID  Depth  SiO,  AlO;  CaO  Fe;03 K0 MgO Na0 TiO, P05 MnO Ba sr zr Rb cr Zn Ni Nb
(cm) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (ppPm)  (pPM)  (pPm)  (ppm)  (PPM)  (PPM)  (PPM)  (PPM)

SLK-105 106 56.73 10.84 10.00 3.06 216 208 1.21 061 0.15 0.06 56760 26339 18649 121.73 79.10 47.21 20.24 10.59
SLK-133 133 5669 1150 944 3.29 229 224 112 061 015 007 57813 24984 19661 11519 8504 4769 2335  11.79
SLK-185 185 62.53 10.69 7.58 2.77 241 1.91 1.14 053 0.14 0.08 617.70 21796  126.31 12985  85.60 40.69 19.17 9.20
SLK-379 379 6061 1107 805 297 246 2.1 113 055 012 006 56693 22663 16924 12793 7802 4206 2014 1042
YSE-1 Surface  64.80 9.91 7.03 2.70 228 1.5 151 0.62 0.16 0.08 53524 22120 24743 12541 99.04 4528 16.77 991

Y-1 Surface  64.91 10.23 6.08 372 1.82 1.43 1.93 0.69 0.15 0.07 39263 206.15  406.85 85.92 99.61 48.29 17.35 10.17
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Moraceae 1 icus 6-11: Ficus maclellandii 12-15; Broussonetia 16-20
Maclura 21-26; Lauraceae 27-32; Cinnamomum pittosporoides 33-37
Neocinnamomum caudatum 38-39; Machilus nanmu 40-42; Celastrus 43-44

Polygonal plate 1,21, 23, 31, 44; Weakly silicified epidermis 2; Hair cell base 3, 4, 15, 26;
Smooth hair cell et-spindle 6; Spiral-spindle 7, 33, 41; Woody (block) 8, 12, 34, 36, 40;
Woody (elongate) 9, 35; Spheroid echinate (large) 10; Epidermal cell 11; “Y™ type / bow type
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Spheroid ornate 19; Stomata 20, 25, 32, 39, 42; Tracheid 22, 27, 28, 29, 38; Smooth hair cell
24; Abbreviated stellate 30; Hair cell 37; Elongate (Long point?) 43
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Species

Rice (Oryza sativa)

Foxtail millet (Setaria italica)

Broomcorn millet (Panicum
miliaceum)

‘Wheat (Triticum aestivum)

Soybean (Glycine max)

Lowest
charring
temperature

240°C in 1h
180°C in 100min

225°C in 45min

250°C

260°C in 1h
270-280°C in 0.5-4h
275-315°C in 0.5-4h

220-235°C

215°C

200-250°C in 0.5h
250°C

260°C in 1h
275-325°C in 0.5-4h
275-305°C in 0.5-4h
235°C in 1-3h
270-245°C in 1-4h
215°C

200-250°C in 0.5h
270°C in 1h

215°C in 40min
250°C in 8h

270-310°C in
120min

310°C

250°C in 1.5-2h
215°C

230°C< 12h
260°C in 1h

300°C in 25min

Lowest
destruction
temperature

270/300°C in 1h
210°C in 100min

275-310°C in 45min

320-330°C

450°C in 2-6h

280/290°C in 1h
340-390°C in 0.5-4h
325-380°C in 0.5-4h
400°C in 4h

550-450°C during 1-
4h

260°C in 4-24h
300°C

300°C

280/290°C in 1h
305-325°C in 0.5-4h
305-315°C in 0.5-4h
335°C in 4h

315°C in 4h

260°C in 4-24h
250-300°C

300°C in 5h

315°C in 40min

300°C in 1h
400-440°C

440-600°C
350-550°C

260°C

250°C >6h

Above 300°C in 5h

450°C in 25min

Heating conditions

Oxidizing

Oxidizing

Reducing

Using thermogravimetric
kiln

Oxidizing & reducing
Oxidizing

Oxidizing

Reducing

Oxidizing

Reducing

Restricted access of oxygen
Using drying oven
Oxidizing

Oxidizing

Oxidizing

Reducing

Oxidizing

Reducing

Restricted access of oxygen
Using drying oven
Oxidizing

Oxidizing

Oxidizing

Anoxic

Anoxic

Oxidizing & reducing
Reducing

Anoxic

Oxidizing

Oxidizing

REEE

This paper
(Wang et al,, 2015b)

(White et al., 2019)

(Garton, 1979), cited from Castillo, 2019

(Chuenwattana, 2010), cited from Castillo,
2019

This paper
(Wang and Lu, 2020)
(Wang and Lu, 2020)

(Markle and Résch, 2008)

(Markle and Résch, 2008)

(Dong et al., 2022)

(Yang et al., 2011)
(Walsh, 2017)

This paper

(Wang and Lu, 2020)
(Wang and Lu, 2020)
(Mirkle and Résch, 2008)
(Miirkle and Résch, 2008)
(Dong et al., 2022)

(Yang et al,, 2011)

This paper

(Wang et al., 2015b)

(Su et al, 2019)

(Braadbaart et al., 2004)

(Braadbaart, 2007)
(Boardman and Jones, 1990)
(Nitsch et al, 2015)
(Berihuete-Azorin et al., 2019)
This paper

(Zhao and Yang, 2017)





OPS/images/fpls.2022.980840/fpls-13-980840-g003.jpg
Depth(cm)

20

40

60

100

120

1000

2000
Age(yr BP)

3000

4000

5000





OPS/images/fpls.2023.1063617/table1.jpg
Length

Species Variable i ol Width variation  Thickness variation = L/W ratio variation = Volume variation
Time 10.705* 5.161%* 7.400%% 1.557 24,873
Broomcorn Millet (N=416) Temperature 12.550*** 66.645*** 34.849*%* 10.806*** 69.102%*
Time*Temperature 4.503% 13425 13,689 2.598** 20.105**
Time 7.681%% 9342 10402+ 3723 22,626
Foxtail Millet (N=416) Temperature 6571 36.112%% 13381 11,383 33.659""
Time*Temperature 5171 12340 7.265% 3584 17784
Time 8.9520 1.644 0.344 10.489* 3.824*
Rice (N=270) Temperature 47.690%* 17276 39.346** 6.185 77.895%*
Time*Temperature 17.362% 8,641 14698 2.496* 30.182*%
Time 31.588** 4.810" 3.081% 9.945 18.210°*
Wheat (N=418) Temperature 30.213** 7.819° 6483 41716 0476
Time*Temperature 1.062 2788 1.727 2.628* 1.675
Time 3.065* 6.077* 2,907 13.805** 0.077
Soybean (N=401) Temperature 31.352%% 5.294** 8223 33414%% 14412
Time*Temperature 1.663 2.065* ‘ 2363 3504 1133

*P<0.05, **P<0.01, ***P<0.001.
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Site Materials Lab. no. Radiocarbon Calibrated age (cal yr Culture Human subsistence References
age (yr BP) BP) 2 sigma
5,300-4,000 BP Luowalinchang Broomcorn millet BA 120197 4,470+ 25 5141 + 164 Majiayao Agriculture Chen et al., 2015a
Gayixiangjing Foxtail millet Beta-297655 4,410 £+ 40 5,068 + 206 Majiayao Agriculture Chen et al., 2015a
Benbakou Foxtail millet BA 110909 4,185+ 25 4,731 £ 105 Majiayao Agriculture Chen et al., 2015a
Shangduoba Broomcorn millet BA 120187 4,035 + 30 4,600+ 178 Majiayao Agriculture Chen et al., 2015a
Shangsihesheng Charcoal LUG10-187 3,985 4+ 51 4,519 + 261 Majiayao Agriculture Jia, 2012
Early Gongshijia Charcoal LUG11-64 3,802 + 50 4,206 + 201 Qijia Agriculture Jia, 2012
Zongri Foxtail/broomcorn millet 4,600-4,000 Zongri Hunting-gathering Ren, 2017
4,000-3,600 BP Jinchankou Barley BA 110913 3,595 + 20 3,906 + 65 Qijia Agriculture Chen et al., 2015a
Middle Gongshijia Barley Beta-303689 3,620 + 30 3,955 + 112 Qijia Agriculture Chen et al., 2015a
Dongcun* 4,060-3,580 Qijia Agriculture Jia, 2012
Late Gongshijia Charcoal LUG11-62 3,413+ 49 3,672 + 159 Qijia Agriculture Jia, 2012
3,600-2,600 BP Wenjia Barley BA 110888 2,890 + 30 3,041 £ 115 Xiandian Agro-pastoralism Chen et al.,, 2015a
Wayaotai Broomcorn millet BA 120199 3,410+ 30 3,694 + 121 Xiandian Agro-pastoralism Chen et al.,, 2015a
Shuangerdongping Barley BA 110903 2,770+ 25 2,867 £ 78 Xiandian Agro-pastoralism Chen et al., 2015a
Xigang Charcoal LUG11-138 2,683+ 66 2,612 4235 Xiandian Agro-pastoralism Jia, 2012
Qiakadingdong* 3,140-3,060 Kayue Agro-pastoralism Jia, 2012
Dingke* 3,140-3,060 Kayue Agro-pastoralism Jia, 2012
Kasuo* 3,140-3,060 Kayue Agro-pastoralism Jia, 2012
Shangyagen* 3,140-3,060 Kayue Agro-pastoralism Jia, 2012
Miaogou* 3,140-3060 Kayue Agro-pastoralism Jia, 2012

The chronology of the Site* are confirmed by the radiocarbon dates of other archeological sites in corresponding culture. Ages obtained were calibrated using Calib (v.6.0.1) (Stuiver and Reimer, 1993) and the IntCal09
calibration curve (Reimer et al., 2009). They are presented as cal yr BP with two sigma (at 95.4% confidence).
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Site Sampling Soil Prunus Prunus Maloideae = Malus Subg. Pyrus Elaeagnus Ziziphus Hippophae Identified Refe-
sites samples L: padus L. baccata Persica L. angustifo- Mill L. count wood rences
count count L: count (L.) Borkh L count lia L. count n/rel.% fragments
n/soil n/rel.% count n/rel.% count count n/rel.% count n/rel.% (total
L n/rel.% n/rel.% n/rel.% n/rel.% number)
5,300~ Luowalinchang Cultural 1/10 - - 8/2.25% - - - - - 84/23.6% 356 This study
ayer
4,000 Gayixiangjing Ash pits 1/10 - - - - - - - - 51/50% 102 This study
BP Benbakou Cultural 1/10 - - 18/17.65% - - - - - - 102 This study
ayer
Shangduoba Cultural 1/10 6/6% 2/2% 8/8% - - - - - 22/22% 100 This study
ayer
Shangsihesheng Cultural 1/10 1/1% 1/1% 3/3% - - - - - 7/7% 100 This study
ayer
Early Gongshijia Cultural 2/20 4/1.49%  2/0.75%  3/1.12% - - - - - 23/8.58% 268 This study
ayer
Zongri Cultural 132/235 - - - - - - - - 462/22.61% 2,043 Liuet al.,
ayer 2021
4,000- Jinchankou Cultural 120/ - = = = 14/1.36% 1/0.1% 2/0.19% = 171/16.63% 1,028 Wang et al.,
ayer/Ash 2016
pit/House/Kiln
3,600 Gongshijia Cultural 1/10 12/1.37% 12/1.37% 17/1.94%  14/1.59% - - - - 103/11.73% 878 This study
ayer
BP Dongcun Cultura 1/10 = ~ ~ - = = - ~ 8/5.63% 142 This study
ayer
3,600~ Wenijia Cultural 3/30 4/1.65% - 2/0.82% - - - - - 30/12.35% 243 This study
2,600 ayer
BP
Wayaotai Ash pits 1/10 2/1.71%  3/2.56%  12/10.26% - - - - - 4/3.42% 17 This study
Shuangerdongping Cultural 4/40 - - 19/3.25% - - - 3/0.51% - 6/1.03% 585 This study
ayer
Xigang Ash pits 1/10 - 3/2.78%  8/7.41% - - - - - - 108 This study
Qiakadingdong Cultural 1/10 - - 1/1% - - - - - 2/2% 100 This study
ayer
Dingke Cultural 1/10 1/0.5% - - - - - - - 1/0.5% 200 This study
ayer
Kasuo Cultural 1/10 - 6/2.93%  8/3.9% - - - 1/0.49% - 58/28.29% 205 This study
ayer
Shangyagen Ash pits 1/10 4/2% — 22/11% —~ - = - 1/0.5% ~ 200 This study
Miaogou Cultural 1/10 - 1/0.46% - - - - - - - 218 This study
ayer
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Plant community

‘Trees are mainly Fabaceae and Moraceac,

cluding Oleaceae, Pistacia weinmanniifolia,
‘Bauhinia purpurea, Cipadessa baccifera, and understory Acanthaceae.

‘The trees are mainly Fabaceae and Moraceae. There are many vines in the forest. There
are Poaceae, Trevesia palmata, a small amount of ferns and Kalopanax septemlobus
under the forest.

Evergreen, deciduous broad-leaved forest, mixed with a variety of trees containing
Betulaceae plants, dominated by Urticaceae, shrubs containing Fabaceae, Urticaceae.
‘Wild bamboo forest, dominated by Celastraceac.

“Tree communities dominated by Quercus in Fagaceae, including Fabaceae,
Euphorbiaceae, Loranthaceae, Celastraceae, and Poaceae undergrowth.

Fabaceae, Acanthaceae, belonging to deciduous forest, shrubbery.

vt

aly bamboo forest.
“Trees are dominated by Pinus, with Poaceae and Ageratina adenophora growing under

the forest (Zea mays fields are seen near the sampling points).

“Trees are dominated by Fagaceae, and the forest contains Moraceae and Myrsinaceae. A
large number of vine plants are grown under the forest (Zea mays fields are seen near

the sampling point

“The low-lying Quercus, belonging to arbor and shrub, contains Euphorbiaceae,
Celastraceae, Fabaceae, and Rhamnaceae plants. Zingiberaceae grows under the forest,
and the surface is mossy (mainly).

Quercus forest, shrub Fabaceae; Poaceae are the main families under the forest, which
an be found in Phoeniz loureiroi and Artemisia.

Trees include Pinus, Quercus, Broussonetia papyrifera, Juglans regia, Zanthoxylum,
Phyllanthus emblica, Fabaceae and unknown species. Under the forest, the dominant
species were Phoenix loureiroi and Poaceae.

“The genus Quercus of Fagaceae was the main species, and Pistacia weinmanniifolia of
Fabaceae was the most common species. There were Ficus of Moraceae, Lauraceae, and
Phoenix loureirof under the forest Poaceae, Alpinia japonica (suspected as artificial
cultivation), Artenisia argyi, Ageratina adenophora and Labiatae were found.

Pine forest (include Ficus microcarpa), mainly Fabaceae APistacia weinmannifolia,

conty

ing Rhamnaceae, Poaceae and Artemisia argyi under the forest.

Pinus forest, see Fagaceae plant deciduous Quercus, evergreen Quercus, more
Cunninghamia lanceolata, see Poacea (mainly), Ageratina adenophora, Pogonatherum
crinitum,

For evergreen deciduous broad-leaved forest, Betulaceae deciduous trees and Theaceae
Schima, including Lauraceae.

“The trees have hazelnut forest, see Eurya japonica, and there are Fabaceae, Theaceae, and
Bambusoideae in the forest; shrubs have Paconia delavayi, Duhaldea cappa, Ageratina
adenophora and ferns.

“There are many woody plants, such as Theaceae, Betulaceae, Rhus chinensis, Pygeum
topengiiand so on. Most of them are Ageratina adenophora and Labiatae. The pine forest
is evergreen tree.

Vegetation is mainly pine forest, coniferous forest, including Alnus, undergrowth

Liliaceae, Asteraceae, Zingiberaceae.
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Genus

Quercus
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Artemisia
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Vernonia
Duhaldea
Polygonum

Musa

Cleisostoma
Dysosma
Equisetum
Preris
Preris
Drynaria
Pyrrosia
Athyrium
Botrychium

Preridium

Species

(1 type, not identified)
Quercus guyavifolia
Quercus acutissima
Quercus aliena
Quercus variabilis
Quercus serrata
Lithocarpus mairei
Lithocarpus glaber
Cyclobalanopsis glaucoides
Erythrina stricta
Dalbergia sissoo
Campylotropis macrocarpa
Campylotropis delavayi
Uraria crinita

(1 type, not identified)
Bauhinia purpurea
Lespedeza cuneata
Albizia odoratissima
(2 type, not identified)
(4 type, not identified)
Ficus maclellandii

(1 type, not identified)
(1 type, not identified)
(3 type, not identified)
Cinnamomum pittosporoides
Neocinnamomum caudatum
Machilus nanmu

(1 type, not identified)
Celastrus paniculatus
(1 type, not identified)
(3 type, not identified)
Rhus chinensis

(2 type, not identified)
Phyllanthus emblica
Alangium chinense
Embelia ribes

(1 type, not identified)
Gaultheria leucocarpa
(1 type, not identified)
Alus nepalensis
Alnus cremastogyne
Juglans regia
Epigynum auritum
Aganosma cymosa
Phoenix dactylifera

(1 type, not identified)
Cipadessa baccifera

(1 type, not identified)
Pygeum topengii

Dichotomanthes tristaniicarpa

(1 type, not identified)
Flacourtia rukam

(1 type, not identified)
Schima superba

Camellia sinensis
Anneslea fragrans

Eurya alata

Rhamnus leptophylla
Hovenia acerba

Osyris quadripartita
Trevesia palmata

(1 type, not identified)
Oreocnide frutescens
Melastoma malabathricum
Myrsine africana
Oroxylum indicum

(1 type, not identified)
Michelia figo

Dioscorea hispida
Dioscorea alata
Cunninghamia lanceolata
Pinus yunnanensis
Keteleeria evelyniana

(1 type, not identified)
Imperata cylindrica
Phacelurus latifoius
Cymbopogon citratus
Dendrocalamus peculiaris
Bambusa beecheyana
Capillipedium parviflorum
Dendrocalamus giganteus
Heteropogon contortus
Arthraxon lancifolius
Cymbopogon gaeringii
Oplismenus undulatifolius
Eleusine indica

Setaria pumila
Ophiopogon mairei

(1 type, not identified)

(1 type, not identified)

(1 type, not identified)
Elsholtzia rugulosa

(1 type, not identified)

(1 type, not identified)
Artemisia argyi

Bidens pilosa

Vernonia esculenta
Duhaldea cappa
Polygonum chinense
Musa basjoo

(1 type, not identified)
Cleisostoma paniculatum
Dysosma majoensis
Equisetum ramosissimum
(1 type, not identified)
Pteris cretica

(1 type, not identified)

(1 type, not identified)
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Botrychium ternatum

Preridium aquilinum
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Pyrrosia 1-6; Athyrium 7-8; Pteridium aquilinum 9-14; Botrychium ternatum 15-18

Smooth-elongate 1, 10, 15; Block 2: Pteridophyte types (Triangular prism) 3, 8, 12, 18; Sinuate-elongate 4; Rectangle 5;
Long point 6, 17; Pteridophyte types (Edge wavy) 7: Weakly silicified epidermis 9, 13; Abbreviated stellate 11;
Pteridophyte types (Triangular prism with hole) 14; Short point 16

Plate 9
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; Labiatae 4-5; Kaempferia 6-9; Zingiberaceae 10-11; Artemisia argyi 12-14
‘Bidens pilosa_15-16; Vernonia esculenta 17-18; Duhaldea cappa 19-20; Cleisostoma paniculatum 2
Polygonum chinense 23-25; Muusa basjoo 26-28; Gesneriaceae 29; Dysosma majoensis 30-34; Equisetum ramosissinmum 35-38

Preris 39-43; Pteris cretica 44-48; Drynaria 49
35,39, 49;
Block 8, 32; Long point 9; Polygonal plate 11, 16, 43; Weakly silicified epidermis 12, 37; Abbreviated stellate 17, 18, 20, 40;

‘Smooth hair cell 15, 29; Spheroid echinate (small) 21; Unknown block 22, 23; Square 24; Phytoliths from Musa 26-28; Bulliform
flabellate 33; Sinuate-elongate 36, 44; Stomata 38, 48; Preridophyte types (Edge wavy) 41, 46; Pteridophyte types (Triangular

prism) 42
Plate 8

Unknow 1; Tracheid 2, 6, 10, 34, 47; Thorn-elongate 3; Short cell 4; Board-clongate 5, 31; Smooth-clongate 7,
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‘Bambusa beecheyana 1-3; Dendrocalamus giganteus 4-T; Capillipedinm parviflorum 8-14; Heteropogon contortus 15-19
Arthraxon lancifolius 20-27; Cymbopogon goeringii 28-31; Oplismenus undulatifolius 32-38: Setaria pumila 39-42
Eleusine indica 43-48; Ophiopogon mairei 49-50; Polygonatum 51-53; Alocasia 54

Square 1, 11. 2 2; Bamb bulliform flabellate 3, 6; Collapsed saddle 4; Smooth-elongate 7, 10, 23, 25,
28,35, 40,44, 51, 54; Bil , 15,20, 32, 39, 43, 49; Thorn-elongate 9, 45; Long point 13, 17, 26, 30, 37, 47; Stomata 14,
19,31, 38, 42, 48; Short point 16, 41, 53; Sinuate-elongate 18, 24, 29, 36, 46: Tracheid 33: Oplismenus undulatifolins
bulliform flabellate 34; Elongate (Long point 2) 50; Epidermal cell 52

Plate 7
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Dioscorea hispida 1-4; Cunninghamia lanceolata 5-8; Pinus yunnanensis 9-12; Keteleeria evelyniana 13

Arundinella 14-19; Imperata cylindrica 20-25; Bambusa beecheyana 26-30; Phacelurus latifolius 31-39
Cyvmbopogon citratus 40-45; Dendrocalamus peculiaris 46-54

Abbreviated stellate 1; Square 2, 16, 21, 34, 49; Tracheid 3, 37; Stomata 4, 25, 39, 45; Gymnosperm types 5-
10,12, Woody (elongate) ilobate 14, 20, 31, 40; Tower 15, Smooth-elongate 17, 23, 28, 29, 3
41; Thorn-elongate 18, 24, 53; Long point 19, 43, 52; Rectangle 22, 35, 42, 50; Collapsed saddle 26, 27, 46-
48; Sinuate-clongate 33; Weakly silicified epidermis 36, 44; Bulliform flabellate 38, 51

Plate 6
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Flacourtia rukam 1-5; Anneslea fragrans 6-T; Eurva alata 8-10; Rhamnus leptophylla 11-16

Hovenia acerba 17-18; Osyris quadripartita 19-21; Oreocnide frutescens 22-27; Utticaceae 28-33;
Melastoma malabathricum 34-36; Myrsine aficana 37-40; Oroxvlum indicum 41-43; Magnoliaceae 44-48
Dioscorea alata 49; Michelia figo 50-54; Dioscorea hispida 55

“Y” type / bow type 1; Woody (elongate) 2, 11, 29, 36, 42, 50; Polygonal plate 3, 12, 24, 37; Tracheid 4, 7, 14,
20,27, 39,43, 54; Stomata 5, 16, 18, 21, 33, 40; Smooth hair cell 6, 8, 9, 15, 23, 32; Woody (block) 10, 13,
Net-spindle 17, 31, 52; Epidermal cell 19, 44, 45; Spiculate hair cell 22; Hair cell base 25; Spheroid ornate 26:
Spheroid echinate (large) 28; Abbreviated stellate 30, 51; Weakly silicified epidermis 34, 41, 53; Elongate 38;
Block 46; Unknown 47; Unknown block 48; Long point 49; Palisade mesophyll 55

Plate 5





OPS/images/fpls-13-1007612/fpls-13-1007612-g009.jpg
0mm  20pm

Tlex 1 Gaultheria leucocarpa 2-8; Ericaceae 9-12: Alnus nepalensis 13; Alnus cremastogyne 14-16; Juglans regia 17-19
Aganosma cymosa 20-23: Epigvmum auritum 24-28: Phoenix daciylifera 29-30; Palm “padessa baccifera
Vitex 37.43: Pygeun topengii 44-46; Dichotomanthes tristaniicarpa 47: Schi % endrophthoe 49-51: Schima 52-54

‘Weakly silicified epidermis and epidermal cell 1; Y type / bow type 2, 9, 51; Woody (elongate) 3, 10, 17, 18, 26,

(block) 4, 12, 41, 50; Weakly silicified epidermis 5, 14, racheid 6, 11, 28, 47, 48, 54; Spiral-spindle 7, 1

‘Palisade mesophyll 13, 21, 33; Polygonal plate 15, 16, 34, 38, 42, 44, 46; Bilobate 20; Abbreviated stellate 22, 27, 40; Stomata 23,
36; Square 24; Rectangle 25, 39; Spheroid echinate (small) 29-32; Smooth hair cell 35; Board-clongate 37; Hair cell 43; Epidermal

cell 49

Plate 4
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Celastrus 1; Celastrus paniculatus 2-5; Celastraceae 6-11; Acanthaceae 12-18
Rhus chinensis 19-23; Euphorbiaceae 24-25; Phyllanthus emblica 26-29
Alangium chinense 30-36; Embelia ribes 37-41

Stomata 1, 5, 18, 23, 27, 28, 41; Thorn-elongate 2; Long point 3; Block 4; Abbreviated
stellate 6, 8, 33; “Y” type / bow type 7, 32; Tracheid 9, 10, 36, 39; Woody (elongate) 11, 19,
31; Hair cell stalactite 12, 13, 14; Elongate (Long point?) 15; Epidermal cell 16; Spheroid
echinate (small) 17; Polygonal plate 20, 26, 34, 38, 40; Palisade mesophyll 21, 29; Hair cell
base 22; WeaKly silicified epidermal cell 24; Weakly clongate 25; Smooth hair cell 30;
Globular smooth 35; Woody (block) 37

Plate 3
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Except Hordeum vulgare var. nudum, the aerial parts of other specimens have not been separated for phytolith extraction.
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1% manure vs. 5% manure

L watering, M watering, and H watering corresponds to low, medium, and high watering levels respectively.

Setaria

p=0.19

(n=3,33)
p=0.49
(n=3,3)

p=0.049
(n=3,3)
p=0.049
(n=3,3)
p=0.004
(n=6,6)

Panicum

p=0.08
(n=3,2,2)
p=0.076
(n=2,3)

p=0.12
(n=2,2)
p=0.083
(n=2,3)
p=0.014
(n=4,5)

Triticum

p=0.063

(n=3,3,3)
p=0.44
(n=2,2)

p=0.083
(n=3,2)
p=0.083
(n=3,2)
p=0.011
(n=6,4)





OPS/images/fpls-13-912627/fpls-13-912627-g005.jpg
RDA 2(9.735%)

Elev Tree_cover

SAD

05 0.0 05
RDA 1 (27.96%)

o
B
@
Ay

Vv





OPS/images/fpls-13-912627/fpls-13-912627-g006.jpg
Predi

Predicted tree coverage (%)

led BV (%)

0.50-

0,45

0.40-

0.35-

R*=0.9633, p <0.0001

T T T T
0.30 035 0.40 045
Observed EVI

80

607

40

207

R’=08531, p @000t

T T T T
20 40 60 80
Observed tree coverage (%)

Residuals

Residuals

0.02

0.011

0,00

0,017

® o
-0.024
°
T T T T
0.30 035 0.40 045
Observed EVI
®
)
104
e [
®
o ]
=104 @
=204
=304

T T T
20 40 60
Observed tree coverage (%

T
80





OPS/images/fpls-13-902534/fpls-13-902534-t002.jpg
Plant types Number Abundance Percentage Ubiquity

(grain)  ratio (%)  ofcrop (%)
seeds/weed
seeds (%)

Crops 1,108 32.45 10000  81.08
Setaria italica 496 14.59 4497 4324
Panicum miliaceum 6 0.18 054 5.41
Titicum aestivum 33 097 299 14.86
Titicum aestivum frags 99 291 898 27.03
Wheat rachis 9 026 811
Oryza sativa 53 1.56 481 2432
Oryza sativa frags 416 12.24 3772 6216
Rice spikelet base 1,738 51.32 62.16
Weeds 2,296 67.55 10000 7432
Astragalus membranaceus 1 003 004 1.35
Avena sativa L. 1 003 004 135
Carex Linn. 11 0.32 0.48 5.41
Chenopodium album 82 241 357 17.57
Chloris virgata Sw. 9 026 039 541
Digitaria sanguinals (L) Scop. 2 006 0.09 1.35
Echinochloa crusgalli (L.) 23 0.68 1.00 9.46
Beauv.
Galium aparine L. var 2 006 0.09 270
tenerum (Gren.et Godr) Rebb.
Glycine soja Siebet Zucc 18 053 078 541
Lespedeza bicolor Turcz 1 003 0.04 1.35
Melbotus albus 1 003 0.04 1.35
Panicum bisulcatum Thunb. 16 0.47 0.70 8.1
Patrinia scabiosaefolia Fisch 3 009 0.13 405
Physall alkekengi L. 1 003 004 1.35
Polygonum japonicum Meisn. 1 008 0.04 1.35
Polygonum lapathifolium Linn. 1 0.03 0.04 1.35
Polygonum amphibium Linn. 4 012 0.17 5.41
Potamogeton distinctus 1 008 0.04 1.35
ABennett
Rumex acetosa L. 1,719 5057 74.87 18.92
Scirpus juncoides Roxb. 2 006 0.09 270
Setaria virdis (L) Beauv. 386 11.36 16.81 21,62
Sporobolus fertls (Steud) W. 3 009 0.13 405
D. Clayt.
Verbena officinalis L. 1 008 0.04 1.35
Zizania caduciflora (Turcz.ex 1 003 004 1.35
Trin.) Hand. -Mazz
Unknown 6 0.18 0.26 541

Total 5,146 100.00 82.43
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Method Machine grinding Stone mill method Foot mortar method

Efficiency high low moderate
Fineness of the powder small large moderate

Amount of mook produced from the same amount of acorns large small moderate
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Lab No. Simple. No Simple Type Date job’s tear millet Unknowntuber rice acorn Lotus beans Total

S1 2016HQQTN10W30@: S8 bowl Youziling 0 8 4 0 0 0 0 12
S2 2016HQQTN10W30@: S9 bowl Youziling 59 0 3 1 0 0 0 63
S3 2016HQQTN10W30@: S10 bowl Youziling 0 38 23 0 0 1 0 62
S4 2016HQQTN10W30@: S11 bowl Youziling 0 6 10 2 0 1 0 19
S5 2016HQQTN10W30@: S12 jar Youziling 121 84 74 49 0 0 0 328
S6 2016HQQTN10W30@: S15 steamer Youziling 35 5 12 10 0 8 0 70
S7 2016HQQTN10W30®: S18 bowl Youziling 64 0 26 4 0 2 0 96
S8 2016HQQTN10W308: S21 bowl Youziling 13 0 1 0 0 3 0 17
S9 2016HQQTN11W30@: $26 tripod Youziling 0 0 2 0 1 2 0 5!
S10 2016HQQTN11W30@: 27 jar Youziling 6 0 0 2 0 6 0 14
S11 2016HQQTN10W30@:S1 tripod Quijialing 9 0 0 0 0 0 0 9
S12 2016HQQTN10W30@:S2 tripod Qujialing 6 1 2 19 0 0 0 28
S13 2016HQQTN10W30@:S3 tripod Quijialing 0 0 0 0 0 1 0 1
S14 2016HQQTN10W30®:S4 bowl Quijialing 16 2 0 1 0 2 0 21
S15 2016HQQTN10W30@:S5 bowl Quijialing 29 0 4 15 1 1 2 52
S16 2016HQQTN10W30®:S6 bowl Quijialing 0 1 0 26 0 1 0 28
S17 2016HQQTN10W30@:57 jar Qujialing 8 0 2 0 0 0 0 10
S18 2017HQQTN49W03®:S32- caldron Quijialing 0 12 1 0 0 0 0 13
34
S19 2016HQQTN13W30@:S40 bowl Quijialing 21 10 11 8 0 1 0 51
520 2016HQQTN13W303:542 jar Quijialing 0 23 4 0 0 1 0 28
S21 2016HQQTN13W30@:543 bowl Quijialing 0 14 2 1 0 0 0 17
522 2016HQQTN13W30@:544 bowl Quijialing 0 7 3 2 0 2 0 14
523 2016HQQTN12W30@:547 bowl Qujialing 0 0 1 21 45 0 0 67
S24 2016HQQTN12W30@:548 bowl Quijialing 0 16 2 4 0 2 0 24
S25 2017HQQTN49W03@:S56 tripod Qujialing 26 2 3 1 0 0 3 35
526 2017HQQTN49W03@:594 jar Qujialing 1 0 0 0 0 4 0 5
527 2016HQQTNS8E17®:S102 caldron Qujialing 19 0 1 25 0 3 2 50
S28 2016HQQ ash pit, 28:S144 bowl Qujialing 11 8 3 7 0 21 0 50
S29 2016HQQ ash pit, 28:S155 bowl Qujialing 0 1 0 3 0 7 0 11
S30 2016HQQTN25W41©:S62 bowl Shijiahe 0 0 3 8 0 1 0 12
S31 2016HQQTN25W41@:S63 bowl Shijiahe 0 4 0 0 0 0 0 4
§32 2016HQQTN25W41©:S64 bowl Shijiahe 16 0 0 0 0 0 0 16
$33 2016HQQTN25W41®:S66 bowl Shijiahe 0 5 0 2 0 0 0 7
S34 2016HQQTG8@:574 bowl Shijiahe 0 1 0 0 0 0 0 1
S35 2016HQQTG8@:S75 jar Shijiahe 18 5 0 3 0 2 0 28
S36 2016HQQTG8@:S76 bowl Shijiahe 0 0 0 0 0 0 0 0
S37 2016HQQTN25W41(10:590 bowl Shijiahe 0 3 0 1 0 22 0 26
S38 2016HQQTN09W39H28: bowl Shijiahe 0 0 0 0 0 16 0 16
S126
S39 2016HQQTN10W38@:5128 bowl Shijiahe 83 25 20 g 0 21 1 157
540 2016HQQTN09W393:5130 bowl Shijiahe 10 0 0 34 0 2 0 46
S41 2016HQQTN25W41©:5213 bowl Shijiahe 6 0 0 0 0 1 1 8
Total 577 281 217 256 47 134 9 1521
S42 control sample soil from the site 0 0 0 0 0 0 0
S43 control sample water from the Lab 0 0 0 0 0 0 0
S44 control sample soil attached on 0 0 0 0 0 0 0

pottery





OPS/images/fpls.2022.1009452/fpls-13-1009452-g007.jpg
100.00%

) ‘ll “l || |“ ‘l

rice millet Job's acorns lotus unknown beans
tears roots USOs

B Phase| ®mPhasell mPhaselll





OPS/images/fpls.2022.1009452/fpls-13-1009452-g006.jpg





OPS/images/fpls-13-929047/fpls-13-929047-g001.jpg
Guanzhong -

Basin

® Site

* Longzaocun cemetery
— Modern road

- Han Chang’an City






OPS/images/fpls.2022.996649/table2.jpg
Whole-nut eating Flour production Starch extraction (shelling) Starch extraction (no shelling)

Existence of fragmented cotyledons no no yes yes

Size of fragmented nutshells large large large small
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ID

DYS-01
DYS-02
DYS-03
DYS-04
DYS-05
DYS-06
DYS-07
DYS-08
DYS-09
DYS-10
DYS-11
DYS-12
DYS-13
DYS-14

Slope ()

11.09
28,09
24.38
2429
13.83
25.79
24.34
19.57
2036
14.70
18.11
15.97
28.42
23.23

MAT (°C)

13.04
13.19
1364
13.93
14.10
14.31
14.49
14.79
15.04
15.23
15.58
15.87
16.12
16.36

MAP (mm)

1938.23
1931.23
1909.87
1896.43
1888.32
1878.46
1870.07
1856.02
1844.15
1835.40
1818.50
1805.17
1793.33
1781.75

RHonn (%)

86.80
86.64
86.13
85.81
85.61
85.37
85.17
84.83
8454
84.33
83.92
83.60
8331
83.04

Tom (°C)

5.60
572
6.08
6.31
6.45
6.62
6.77
7.01
721
7.37
7.66
7.88
8.09
829

Pl (Mm)

54.23
54.15
53.88

T ()

19.86
2004
2058
2092
2113
2138
2159
2194
2224
2246
2289
2323
2353
2382

Puu (mm)

226.13
224.60
219.93
216.98
215.20
213.13
211.40
208.38
205.83
204.06
200.46
197.59
195.01
192,50

EVI

0.279
0.296
0.324
0.321
0.346
0.306
0377
0.374
0318
0.440
0.483
0.379
0.472
0.445

NDVI

0.497
0617
0670
0.744
0.787
0.796
0817
0815
0.797
0.808
0.797
0.787
0.781
0672

Tree cover (%)

0.00
39.96
45.92
83.40
85.00
85.00
85.50
89.15
83.83
84.02
84.66
85.00
82.11
16.10
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Axis1  Axis2  Axis3 Axis 4
DCA

Figenvalue 0156 0060 0034 0026
Axis lengths (SD) 1238 0771 0.521 0.631

RDA

Eigervalue 0025 0,009 0,005 0,005
Proportion explained 0.280 0,007 0,059 0054
Cumulative proportion  0.280 0377 0436 0490
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Vegetation parameters

EVI

Tree coverage (%)

Model

WAPLS-1
WAPLS-2
WAPLS-3
WAPLS-4
WAPLS-5
WAPLS-1
WAPLS-2
WAPLS-3
WAPLS-4
WAPLS-5

Apparent

Cross-validation

RMSE

0.0469
0.0336
0.0198
0.0144
0.0125
225233
16.9231
15.4154
13.1005
10.9516

R?

0.4822
0.7341
0.9074
0.9516
0.9633
0.3791
0.6495
0.7093
0.7896
0.8531

Max bias

0.0890
0.0312
0.0284
0.0220
00142
47.7525
38.6007
259651
26.4303
326224

R

Max bias

0.0030

0.0014
-0.0035
~0.0046
-0.0088
59.3434
61.9126
63.3994
74,5377
81.3634
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Vegetation
type

Evergreen
shrub-
meadow

Coniferous-
broadleaf
mixed forest

Bamboos

Coniferous-
broadleaf
mixed forest

Broadleaf
forest

Anthropogenic
deforested
shrubland

DYS-01

DYS-02

DYS-03

DYS-04

DYS-05

DYS-06

DYS-07

DYS-08

DYS-09

DYS-10

DYS-11

DYS-12

DYS-13

DYS-14

Long. ()

118.20073

118.20023

11819924

11819797

11819719

11819712

118.19640

118.19600

118.19527

11819494

118.19642

118.19602

118.19564

118.19553

Lat. ()

25.66939

25.66892

25.66725

25.66620

25.66539

25.66339

25.66062

25.65879

25.65685

25.65359

2565186

2565039

2564928

25.64829

Elev. (m)

1572

1,537

1,481

1,401

1,359

1319

1278

1,229

1,181

1,133

1,086

1012

956

889

Quadrat
size (m?)

2x2

10x10

10x10

10x10

10x10

10x10

10x10

10x10

10x10

10x10

10x10

Dominant plant species

Shrub layer: Pinus taiwanensis, lex crenata, Stranvaesia davidiana
var. undulata, Eurya saxicola

Ground layer: Miscanthus sinensis, Arundinella anomala, Deyeuxia
arundinacea, Isachne truncata, Veratrum japonicum, Carex spp.
Shrub layer: Pinus taiwanensis, Eurya saxicola, Vaccinium
Japonicum var. sinicum, I. crenata, S. davidliana var. undulata

Ground layer: M. sinensis, Arundinella anomala, D. anundinacea,
Isachne truncata, Carex spp., Woodwardia japonica,
Diplopterygium glaucum

Shrub layer: Pinus taiwanensis, Eurya saxicola, Eurya nitida,
Rhododendron fortune, Rhododendron mariesil, Clethra cavaleril,
Rhododendron simsii

Ground layer: Woodwardia japonica, Dicranopteris pediata, M.
sinensis, Veratrum japonicum, Aster ageratoides, Carex spp.,
Lophatherum gracile

Shrub layer: Cyclobalanopsis gracils, Pinus taiwanensis,
Rhododendron mariesii, Rhododendiron latoucheae, E. nitida,
Eurya saxicola, Vaccinium bracteatum

Ground layer: Woodwardia japonica, Carex spp., Arundinelia
anomala, Dicranopteris pedata, M. sinensis, lsachne truncata,
Lophatherum gracie

Canopy layer: Cyclobalanopsis glauca, Camella octopetala, llex
rotunda, Michelia maudiae, Dendropanax dentiger, Pinus
taiwanensis, Castanopsis faberi, Schima superba, Lithocarpus
glaber

Shrub layer: Lindera aggregata, Sarcandra glabra, Symplocos
lancifolia, E. nitida, Rhododendron mariesi, Rhododendron simsii

Ground layer: Woodwardia japonica, D. glaucum, Lophatherum
gracie

Canopy layer: Phyllostachys edulis

Shrub layer: P2 eduls, Indocalamus tessellatus, Oligostachyum
oedogonatum, Dendropanax dentiger

Ground layer: D. glaucum
Canopy layer: Castanopsis faberi, Pinus taiwanensis, Elagocarpus
Japonicus, Cunninghamia lanceolata, Camellia octopetale,

Cyclobalanopsis gracifs, Schima superba, Dendropanax dentiger

Shrub layer: Sarcandra glabra, llex pubescens, Eurya weissiae,
Vaccinium sprengeli, Litsea elongata

Ground layer: Woodwardia japonica, Plagiogyria dunni

Canopy layer: Pinus taiwanensis, Castanopsis tibetana, Schima
superba, Cyclobalanopsis glauca, Lithocarpus glaber, C.
lanceolata, Denaropanax dentiger

Shrub layer: Symplocos sumuntia, Loropetalum chinense, Lindera
aggregata, V. bracteatum, Adinandra miletti, Syzygium buxifolium
Ground layer: Woodwardia japonica, Plagiogyria dunni, Blechnum
orientale

Canopy layer: Pinus massoniana, Castanopsis eyrei, Schima
superba, Dendropanax dentiger, Toxicodendron succedaneum,
Machius thunbergii

Shrub layer: Vaccinium cartesii, Rhododendon ovatum,
Rhododendron simsil E. nitda, Lindera aggregata, Rephiolepis
indica

Ground layer: Dicranopteris pedata, Woodwardia japonica, Pyrola
caliantha, D. glaucum

Ganopy layer: Quercus variabils, Loropetalum chinense, Machilus
Ieptophylia, Cinnamomum subavenium, Rhododendron
latoucheae, Daphniphylum calycinum, Myrica rubra, Diospyros
kaki var. silvestris

Shrub layer: £, nitida, Symplocos sumuntia, Machius grisi,
Camella oleifera, Sarcandra glabra, Castanopsis carlesii,
Dendfropanax dentiger

Ground layer: Woodwardia japonica, D. glaucum

Canopy layer: R massoniana, Castanopsis faberi, Castanopsis
eyrei, Schima superba, Machius thunbergi, C. lanceolata, P
eduls

Shrub layer: | tessellatus, Oligostachyum oedogonatum,
Sarcanda glabra, Rhododendron latoucheae

Ground layer: Woodwardia japonica, Dicranopteris pedata, D.
glaucum

Canopy layer: C. lanceolata, Taxus wallichiana var. mairei,
Cryptomeria fortunei, R eduls, Machius phoenicis, Schima
superba, Lithocarpus glaber, Cyclobalanopsis glauca

Shrub layer: Camelia octopetala, . tessellatus, Adinandra miletti,
Viburnum sp.

Ground layer: D. glaucum, Dicranopteris pedata, Woodwardia
japonica

Canopy layer: Castanopsis tibetana, Machilus phoenicis,
Castanopsis fargesii, Daphniphyllum calycinum, Cyclobalanopsis
glauca, Castanopsis eyrei, Dendropanax dentiger, P, eduiis
Shrub layer: Symplocos lancifolia, Sarcandra glabra, Machils
thunbergi, Sloanea sinensis, |. tesselatus, Oligostachyum
oedogonatum

Ground layer: Lophatherum gracile, Plagiogyria dunnii, Carex sp.
Shrub layer: Symplocos sumuntia, Viburnum sp., P edulis
Ground layer: M. sinensis, Dicranopteris pedata, Lophatherum
gracile, Arundinella anomala, Carex spp., Poaceae spp.





