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1 INTRODUCTION
In recent years, micro-botanical fossil residue research in archaeology and paleoanthropology has grown in popularity (Guan et al., 2014). Invoking evidence from plant microfossils, such as phytoliths and starch granules, in association with various archaeological or paleontological remains (e.g., Barber, 2020; Liu et al., 2019b; Nava et al., 2021; Prebble et al., 2019; Scott et al., 2021; etc.), researchers have successfully reconstructed both local and regional plant resource utilization patterns and identified a variety of economic plants that have been processed in a number of Pleistocene and Holocene contexts.
One of the most prevalent plant compounds in the world is starch. The starch granule is therefore considered as essential plant microfossil that has been closely related to humans from prehistoric times (Teaford and Ungar, 2000; Summerhayes et al., 2010; Ungar, 2017). As a form of energy storage, starch is deposited in granules in nearly all green plants and numerous plant tissues and organs, such as leaves, roots, shoots, fruits, grains, and stems (Preiss, 2004). It is composed of discrete granules whose size, shape, morphology, chemical content, and supramolecular structure are dependent on the botanical source (Bertolini, 2010). The generation of a starch granule begins at a place known as the hilum, where successive layers of lamellae are deposited. In several species, the hilum is surrounded by fissures of varying forms (Gott et al., 2006). These visible characteristics, which differ between plant taxa, serve as the foundation for studying ancient starch granules.
Over the past 2 decades, many case studies have examined ancient starch remnants to better understand human behavior and the evolution of the human diet. Researchers extract starch granules from teeth and artifacts found at archaeological sites to investigate ancient carbohydrate diets (e.g., Hardy et al., 2016; Lu et al., 2005; Perry et al., 2007; Piperno et al., 2004; Scott et al., 2021; etc.). However, the process of starch granule analysis can be complicated due to issues like decomposition, preservation, and damage (e.g., García-Granero, 2020; Haslam, 2004; Henry et al., 2016; Hutschenreuther et al., 2017; Li et al., 2020; Ma et al., 2019; etc.). Identifying the botanical origin of unidentified starch granules is a crucial step, and researchers have built a database of contemporary starch to aid in these identifications (Yang and Perry, 2013; Liu et al., 2014; Arráiz et al., 2016; Mercader et al., 2018a; Liu et al., 2019a; Wan et al., 2020). Starch analysis in archaeology has been challenging due to difficulties in botanical identification. Geometric morphometric analyses of starch granules may yield false positives when the reference Research Topic are small, decreasing the likelihood of identifying starch granules to the species level. (Arráiz et al., 2016; Mercader et al., 2018b). Contamination is also a concern, and it is critical to document contamination in ancient starch laboratories to develop more reliable methods for future research (Crowther et al., 2014).
The Research Topic Ancient Starch Remains and Prehistoric Human Subsistence includes 18 original research pieces on advanced techniques, regional studies, and alcoholic beverage consumption, as well as laboratory control and modern starch Research Topic. These works provide updated information and unique viewpoints, enhancing the field’s knowledge and serving as a valuable resource for future studies.
2 PREHISTORIC STARCH REMAINS, EARLY AGRICULTURE, AND FOODWAY
After a long era of hunting and gathering, humans developed agriculture, which was a crucial turning point in the history of civilization. The study of the earliest agricultural practices and food production has been extensively researched by scholars as early as one hundred years ago (Candolle, 2011). Starch analysis, although only developed during the recent 20 years, is a key tool for understanding regional patterns of plant domestication and crop origins and spread worldwide. Case studies related to early agricultural practice have been presented in this issue.
Zhang et al.’ s study of the Dingsishan Site in the Lingnan region of South China reveals that, during the earliest phase of the Holocene, ancient populations practiced a foraging-based subsistence, with wild plant foods comprising the majority. Huan et al. works also show the selection of plant food resources in South China during 7.3–6.8 ka B.P. In the study by Deng et al., the emergence of agriculture on a south China coast site was dated to 4,800–4,800 cal. BP, with the cultivation of rice and foxtail millet, sheds light on the study of agriculture’s Southward dispersal and supports the universality of mixed farming in Southern coastal China.
In China, the lack of archaeobotanical investigations in the Yiluo River Basin hinders our knowledge of the interaction between agriculture and society in China. The study by Yang et al. indicates that millet was the most important crop in the late Yangshao Culture, followed by rice, which became more significant in the following Longshan Culture. During the Qijia period (4,400–3,100 B.P.), the introduction of dry agriculture and globalization of food affected the prehistoric human diet in Northwest China. The study by Ma et al. contributes to our understanding of the subsistence of the Qijia Culture and prehistoric food globalization, which is essential for appreciating East-West Asian connections during the Neolithic and Bronze periods.
Understanding when and how agriculture altered landscapes are essential for the study of human survival strategies and biodiversity. Zhang et al. discovered evidence that farmed rice existed on the Chengdu Plain 7,500 years ago, and that more advanced rice farming became the main survival strategy around 4,200 years ago, having a substantial impact on the local flora. Even in the more densely populated Yellow River watershed, deforestation and the consumption of cereal crops may have happened after 6,000 cal a BP, as suggested by He et al. and Li et al. in this issue.
The study by Wang et al. in the Cai Beo site in Ha Long Bay, northeastern Vietnam’s coastal region, uncovered evidence that hunter-gatherers utilized a range of plants, including taros, yams, and acorns, as early as 7,000–6,000 years before present. The study proves the significance of roots and tubers in the ancient subsistence economy of Southeast Asia and confirms one of the earliest known findings of rice in Mainland Southeast Asia between 4,500 and 4,000 years before present.
García-Granero et al. investigation suggests that animal lipids, particularly non-ruminant fats, were predominantly processed in ceramic containers. The investigations also uncovered indications of plant processing, including grains, pulses, and underground storage organs. Despite challenges in conserving and interpreting archaeological material, the study offers a thorough account of past foodways in the region.
The study by Salazar Garca et al. on the diet of Iberian Cardial Neolithic people at the Cova Bonica site reveals a terrestrial C3-based diet with indications of cereal consumption and other plant items. The study sheds light on the Neolithization process in Iberia and transcends the limitations of conventional archaeobotanical and archaeozoological techniques.
3 EARLY BREWING AND ALCOHOLIC BEVERAGES
Recent studies have uncovered evidence of alcohol production and consumption during northern China’s Neolithic period, particularly in the Yangshao Culture (ca. 7,000–5,000 cal. BP). Pottery samples from the Yangshao Culture site of Qingtai were analyzed by Liao et al. revealing a mixed filtered alcoholic beverage fermented with fruit and/or honey, and a shift from communal to individual drinking habits in the late Yangshao Culture. In China’s Bronze Age, bronze ritual vessels like gui, he pitchers, and jue cups were symbols of high social status and were likely used in ritual feasts. He Y. et al., 2022 study found evidence of fermented beverages made with qu starter, emphasizing social status and coinciding with increased social differentiation during early state formation.
4 FUNCTIONS OF NEOLITHIC ARTIFACTS
Before 4,000 years ago, grooved clay vessels spread to central China from the Yangtze River, where they originated 6,000 years ago. The study by Wang et al. discovered evidence that these vessels were used to grind geophytes and dehull grain seeds, although the function of these vessels remains unknown. Similarly, Liu et al. on li tripods from Northeast China revealed that they were used for cooking and that the starch granules discovered on them belonged to millets, Triticeae, and tubers. The phytoliths found from the tripods suggested that these plants were utilized in the Chifeng region during the Bronze Age. These studies provide vital information about ancient Chinese people’s diets and plant resource management.
5 RESEARCH METHOD EXPLOITATION
In this Research Topic, Li et al. examined data to determine the possible significance of starch-rich woody plants as food sources in ancient South subtropical China. This work offers information on the role of non-tuberous woody plants as sources of carbohydrates for prehistoric societies in this region. Louderback et al. established diagnostic characteristics for recognizing the starch granules of major North American plant families and developed a dichotomous identification key. This has worldwide significance, as these families have had nutritional significance since prehistory. To investigate starch retention in dental calculus, the experimental model of Bartholdy and Henry introduced biofilms to known amounts of dietary starches. The study indicated that dental calculus provides a limited and skewed view of the original dietary consumption of starches, but the model is effective for verifying methodologies and biases in dental calculus studies pertaining to nutrition.
6 FURTHER PERSPECTIVES
In recent years, the study of ancient starch has made great progress due to the introduction of new technology and analytical techniques. As the field continues to evolve, several opportunities exist for further research and development. It has been determined that simple picture comparison cannot meet the requirements for accuracy and precision. Therefore, the geometric morphology approach has become a well-recognized, subjectivity-free method of discrimination (Coster and Field, 2015; Chen, 2017; Wan et al., 2020). Using machine learning algorithms such as Artificial Neural Networks, Random Forests, Support Vector Machines, and other prevalent techniques, the enormous geometric morphological data matrix can be evaluated and modeled with greater ease, resulting in more accurate identification of ancient starch granules. Zhang et al.’s work in this Research Topic applies the approach to archaeological case studies and demonstrates its validity for identifying ancient starch. Several experimental articles have been published, however they will not be covered here (e.g., Zhang et al., 2021b, etc.).
Future research on ancient starch analysis should broaden its focus to encompass various time periods and regions, with greater intercultural communication to investigate potential trading and exchange across early civilizations. Discoveries in this field could potentially uncover global patterns and trends in human subsistence and social development. Furthermore, ancient starch analysis has the potential to contribute to contemporary food security and sustainability issues, using old methodologies and expertise. In conclusion, expanding and developing ancient starch analysis may offer valuable insights into the lifestyles, cultural activities, and meals of past civilizations.
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Identifying when agricultural expansion has occurred and how it altered the landscape is critical for understanding human social survival strategies as well as current ecological diversity. In the present study, phytolith records of three profiles from the Baodun site area were dated to the period from 7,500 to 2,500 aBP by optically stimulated luminescence and 14C dating, providing the first evidence that the Asian cultivated rice (Oryza sativa) progenitor was distributed in the Chengdu Plain as early as 7,500 aBP. The percentage of rice bulliform with ≥9 scales and the concentration of rice phytoliths sharply increased by approximately 4,200 aBP, suggesting that rice cultivation occupied a dominant position in survival strategy no later than approximately 4,200 aBP, which might be driven by climate deterioration in eastern China. The results further showed that the proportion of Bambusoideae phytoliths increased synchronously with the increase in the proportion of rice phytoliths, suggesting that the vegetation structure near the site was changed intentionally as a consequence of increasing rice agricultural activity since 4,200 aBP. The present study contributes to a deeper understanding of the distribution of wild rice and rice farming throughout the Baodun culture in the Chengdu Plain, and it also provides a glimpse of how humans intentionally changed the vegetation landscape on a local scale.
Keywords: phytolith, agriculture, Oryza sativa, domestication, bambusoideae, vegetation, luminescence dating, chengdu plain
INTRODUCTION
Agricultural expansion is one of the major drivers of human culture development (Gowdy and Krall, 2014). Reconstructing the time of the spread of domesticated crops can help us understand the climatic and other environmental factors that governed the range of expansion of these crop species (Gutaker et al., 2020), as well as the relationship between farming activities and the consequent landscape changes (Ellis, 2011; Woodbridge et al., 2014; Zheng et al., 2021).
Rice (Oryza sativa L.) is a major staple crop for half of the global population (Wang et al., 2018). It is a highly diversified crop cultivated in a wide ecological range, spanning tropical and temperate zones of Asia, from permanent to seasonal wetlands (Fuller et al., 2010; Fuller et al., 2011). However, the distribution of wild rice (Oryza rufipogon and/or O. nivara) in China remains unclear. The reports of possible wild rice distribution can only be traced back to the Tang and Song Dynasties (You, 1987), while evidence of an earlier distribution can only be obtained from agroclimatic studies (Fuller et al., 2010).
While the origins of rice have been the focus of intensive study, less attention has been paid to its spread after domestication, especially from its cradle Middle-Lower Yangtze to southwest China, which contains a variety of ecosystems and diverse landscapes of the Yunnan-Guizhou Plateau and the low lying Chengdu Plain (d’Alpoim Guedes et al., 2013). There is a further lack of description of the process of landscape modification by rice farming among earlier small-scale societies, as evidence of these processes is sparse (Pavlik et al., 2021).
The Chengdu Plain has a suitable climate for rice cultivation which attracted earlier rice farming populations that widely occupied the area (Sun, 2009; Huang et al., 2017). It is believed that the introduction of rice farming into the Chengdu Plain occurred relatively late, in the time of the Baodun culture (4,600–3,700 cal aBP) from the Middle-Lower Yangtze (Jiang et al., 2002; Jiang et al., 2011; Qin, 2012; d’Alpoim Guedes and Wan, 2015), which was supported by increasing archaeological (Chen et al., 2015) and DNA evidence (Castillo et al., 2016). The development of rice farming in the Chengdu Plain has influenced the regional landscape since the late Neolithic and played a significant role in the formation of prehistoric cultures in Southwestern China, such as Baodun and Sanxingdui cultures (Chen et al., 2015). Although recent studies have outlined the time that rice arrived the plain (d’Alpoim Guedes et al., 2013), however, because of the lack of comparable chronological records from natural deposits and culture layers, the development of rice agriculture and its impact on vegetation are still unclear. In particular, whether wild rice spread into the Chengdu Plain during the Holocene has not been clarified to date.
Phytoliths can be used not only to identify individual species but also to reconstruct the process of crop domestication in order to reveal the intensity of agricultural activities (Piperno, 2006). Specifically, the proportion of bulliform phytoliths with ≥9 fish scale patterns largely differ between wild rice habitats and cultivated rice paddies (Huan et al., 2018; Huan et al., 2020). Bulliform phytoliths can be used to assess the degree and rate of rice domestication to some extent (Huan et al., 2015; Huan et al., 2018). Reconstruction of the quantitative relationship between crop domestication and natural vegetation changes in the same profiles of the same site can provide new evidence for human impact on the ecological environment.
Here, we reported the results of optically stimulated luminescence (OSL) and radiocarbon dating of phytoliths derived from archaeological deposits of the Baodun site approximately 4,500–2,500 cal aBP and a successive natural deposit profile that extends to 7500 aBP in the Chengdu Plain. Based on phytolith assemblage identification, this study revealed the earliest record of wild rice in the Chengdu Plain to date and established a complete rice domestication sequence combined with natural plant changes, which provides new evidence for understanding how humans intentionally influenced their environment.
MATERIALS AND METHODS
Regional Setting
The Chengdu Plain, which covers an area of approximately 8,400 km2, is the largest fluvial plain in Southwestern China (Liang et al., 2014; Huang et al., 2019a) (Figure 1A). It is a composite alluvial plain formed by the Minjiang River, Tuojiang River, and its tributaries in the Northwest Sichuan Plateau. The plain extends from northeast to southwest, with an altitude of approximately 400–750 m, and belongs to the subtropical monsoon climate (Liu et al., 2004). The average annual temperature is 15–16 °C, and the average annual precipitation is 1,000–1,300 mm (Luo et al., 2008). At present, this area is an important rice farming area in Southwestern China.
[image: Figure 1]FIGURE 1 | (A) Location of the study site, and (B) sampling positions of the three profiles in the Baodun site. The black circles in (A) indicate modern cities, and the red circle indicates the archaeological site in this study.
The chronological order of Neolithic cultures in the Chengdu Plain is: 1) the Baodun culture (4,600–3,700 aBP), which is equivalent to the Longshan period of the Central Plains (Huang et al., 2019b); 2) the Sanxingdui culture (3,700–3,000 aBP), an important archaeological culture after the Baodun culture and is equivalent to the fourth phase of the Erlitou culture in the Central Plains and to the second phase of Yinxu, represented by the Sanxingdui site in Guanghan (Liu et al., 2004) (Figure 1); and 3) the Shierqiao culture (3,200–2,600 aBP), from the early Western Zhou Dynasty to the early Spring and Autumn period, represented by the Shierqiao and Jinsha sites (Li et al., 1987; Zhu et al., 2004).
The Baodun culture (4,600–3,700 aBP), which is named by the site of Baodun, is currently the earliest archaeological culture found in the Chengdu Plain in Southwestern China. The Baodun site (E103°45′, N30°26′, 472–474 m) is located in Baodun village, Xinping Town, which is ∼5 km northwest of Xinjin County, Chengdu City, Sichuan Province (Figure 1). The site is currently the biggest prehistoric site that characterises Baodun culture.
Sample Collection
In the present study, we analysed 105 phytolith samples from three profiles. Among the profiles, two were from excavations T1217 and T2250, and the third was from natural deposits beneath the oldest culture layers of T1215. All three profiles had comparable stratigraphic sequences.
Deposits from the first profile (T1217, 130 cm in thickness) could be divided into 12 layers from bottom to top according to the structure of the stratigraphy, soil colour, and archaeological remains: 1) layers 12–11 (190–170 cm), grey-green clay with brown soil blocks and Fe-Mn nodules, transition layers from natural deposits to the early Baodun culture; 2) layers 10–9 (170–123 cm), brown clay with Fe-Mn nodules, middle to late Baodun culture; 3) layers 8–5 (123–70 cm), grey-brown clay, Han Dynasty; 4) layers 4–3 (70–41 cm), brown clay, Tang-Song Dynasty; 5) layer 2 (41–33 cm), brown clay, Ming-Qing Dynasty; 6) layer 1 (33–0 cm), modern cultivated layer. Four samples were taken at 5 cm intervals in the 12th layer, 30 samples were taken at 2 cm intervals in the 11th–8th layer, 16 samples were taken at 5 cm intervals in the 7th–2nd layer, and three samples were taken at 10 cm intervals in the 1st layer. Two charcoals for dating were collected at 140–142 cm and 136–138 cm (Figure 2).
[image: Figure 2]FIGURE 2 | Stratigraphic sequences of the three sampling profiles (T2250, T1217, and T1215).
T1215 (75 cm in thickness) is a natural deposit profile just beneath the oldest culture layer of the Baodun site. It could be divided into four layers from bottom to top: 1) layers 4 (235–230 cm), black-dark grey clay; 2) layers 3 (230–205 cm), grey clay; 3) layers 2 (205–170 cm), grey clay grey clay with few Fe-Mn nodules; 4) layers 1 (170–160 cm), grey clay with Fe-Mn nodules, which are transition layers from natural deposit to early Baodun culture. Fifteen samples were taken at 5 cm intervals in the 4th–1st layer, and three OSL samples were collected for dating at 228, 204, and 168 cm (Figure 2).
Profile T2250 (220 cm in thickness) could be divided into seven layers from bottom to top: 1) layers 7 (200–180 cm), grey-green clay, natural deposit; 2) layers 6 (180–120 cm), grey-green clay with brown soil blocks and Fe-Mn nodules, Baodun culture; 3) layers 5–3 (120–64 cm), grey-green clay to brown clay with few Fe-Mn nodules, Han Dynasty; 4) layers 2 (64–30 cm), grey-green clay, Tang-Song Dynasty; 5) layer 1 (30–0 cm), modern cultivated layer. Five samples were taken at 5 cm intervals in the 7th layer, 30 samples were taken at 2 cm intervals in the 6th–5th layer, 18 samples were taken at 5 cm intervals in the 4th–2nd layer, and three samples were taken at 10 cm intervals in the 1st layer. Four OSL samples were collected for dating at 200, 173, 116, and 62 cm. We analysed a total of 37 samples from layers 7 to 5 in T2250 (Figure 2).
Phytolith Extraction and Identification
Phytoliths were extracted from soil samples according to established methods (Zhao and Piperno, 2000; Piperno, 2006) with minor modifications. Initially, approximately 2 g of each sample was weighed and treated with 30% H2O2 and 15% HCl to remove organic matter and carbonates. The samples were then subjected to heavy liquid flotation using ZnBr2 (density = 2.35 g/cm3) to separate the phytoliths, which were subsequently mounted on a slide using Canada Balsam. After air drying, the phytoliths on the slide were counted and identified using a Leica microscope at ×400 magnification. More than 400 phytolith particles were identified in each sample and recorded according to published references and criteria (Wang and Lu, 1993; Lu et al., 2002; Lu et al., 2006). Phytolith abundance was expressed as percentages of all phytoliths counted. In particular, for samples with rice phytoliths, the slides were scanned until 50 rice bulliforms with clear and countable scales were observed (except in 16 out of 105 samples that contained minor phytoliths) in order to calculate the proportion of rice bulliform phytoliths with ≥9 scales (Huan et al., 2015; Huan et al., 2020). The abundance of bulliform with ≥9 scales was expressed as percentages of only bulliform phytoliths counted.
Methods of Chronology Assessment
A total of nine dating samples were collected from the three profiles, of which two were used for 14C dating by the Center for Applied Isotope Studies, University of Georgia, and the rest were tested by OSL from the Luminescence Research Laboratory, Linyi University, China. The dates that were obtained by the 14C method were calibrated by OxCal 4.4 using the IntCal 20 atmospheric curve (Reimer et al., 2020) and are presented in Table 1 (Lv et al., 2021).
TABLE 1 | 14C dating results from the Baodun site (Lv et al., 2021).
[image: Table 1]For OSL dating, quartz was purified by the following process: after the removal of carbonates and organic materials, the samples were subjected to wet sieving (63–90 μm), density liquid (SPT, 2.62–2.70 g/cm3), HF etching (40 min), HCl rinse (40 min), and dry sieving (63 μm) (An et al., 2020). Small aliquots (2 mm diameter) were used to effectively demonstrate the scatter in equivalent dose (De). The Des were measured with a Risø TL/OSL DA-20 reader, and the Single Aliquot Regenerative dose (SAR) (Murray and Wintle, 2000; 2003) protocol and the standardised growth curve (SGC) method (Roberts and Duller, 2004) were applied. The detailed protocol and parameters followed were referred from An et al. (2020). For each sample, five aliquots were measured with the SAR protocol, and the five growth curves of each aliquot of a sample were averaged to build the SGC for each sample. Then normalised natural signals of additional 14–16 aliquots were matched to their SGCs to calculate SGC Des. Finally, the De of each sample was calculated based on the SAR Des and SGC Des (n = 19–21) using the central age model (Galbraith et al., 1999). The decay curves (dominated by the fast component), growth curves, and SGCs of samples are displayed in Figures 3A,B. De distribution plots (Abanico plots) (Dietze and Kreutzer, 2020) of all the samples (Figures 3C–I) suggested that the OSL signals were well bleached before the burial. The content of elements was measured using ICP-MS (U and Th) and ICP-OES (K). Considering the high groundwater level, water content was estimated based on the actual measured and saturated values (Table 1). The dose rates and ages are calculated by the Dose Rate and Age Calculator (Durcan et al., 2015) and are shown in Table 2.
[image: Figure 3]FIGURE 3 | (A) Decay curves, (B) growth curves (red for SGC, and (C–I) De distributions. SGC: Standardised growth curve; De: The scatter in equivalent dose.
TABLE 2 | Optically stimulated luminescence (OSL) dating results of the Baodun Site.
[image: Table 2]RESULTS
All nine dating samples from the sites successfully yielded credible dates (Tables 1, 2). Generally, all these direct dates fit well with the cultural affiliations of their contexts. Dates of T1215 were found to range from 7,500 to 5,000 BP, which is completely beyond the cultural period of the site. The oldest age of the lowest layer of T1215 (7500 BP) is consistent with that of the palaeowood remains dated at 7,400 cal BP (Huang et al., 2019b). Two dating results of T1217 (4,000 cal aBP) are corresponding with the late Baodun period. Dates of T2250 fell into the range of 4,200–2,500 aBP, covering the periods of middle to late phases of the Baodun culture.
All 105 samples from the Baodun sites yielded abundant phytoliths (Figure 4). In total, 26 phytolith morphotypes were identified, of which four could be confirmed from crops, including double-peaked, bulliform, and parallel-bilobate phytolith types of rice, and epidermal long cell phytoliths from the upper lemma and palea of millets (broomcorn and foxtail millet) (Figure 4). Other typical morphotypes that could be identified to the subfamily level and lower levels were the long saddle phytoliths of Bambusoideae, rondel and trapeziform sinuate phytoliths of Pooideae, bulliform phytoliths of Arundiaceae, and bilobate phytoliths of Panicoideae, as well as woody phytoliths and Cyperaceae phytoliths.
[image: Figure 4]FIGURE 4 | Main phytolith morphotypes at the Baodun site. (A–E) rice bulliform phytoliths from rice leaves with increased scale numbers, (F) double-peaked cells from rice husk, (G–H) long saddle phytoliths, (I) bilobate phytoliths, (J) acicular hair cell phytoliths, (K) achene phytoliths belonging to Cyperaceae, (L) scutiform-bulliform phytoliths belonging to reeds, and (M–N) woody phytoliths.
The most significant feature of crop phytolith assemblages from the three profiles was the presence of abundant rice phytoliths (rice bulliform and double-peaked types), ranging from approximately 0.2–5.5%, in almost every sample 7,500 aBP (Figure 5). To reconstruct the farming development process, all 105 samples were further analysed to count the number of scales on the edge of the rice bulliform phytoliths. For each sample, almost 50 bulliform phytoliths with clear and countable scales were carefully observed. The average proportion of bulliform phytoliths with ≥9 scales remained at a low level of 20.2 ± 5.1% between 7,500 and 5,000 aBP in T1215. However, their proportion increased over 25% during 5,000–4,000 aBP in T1217, including the early-middle Baodun period (Figure 5), and sharply increased to 48.6 ± 8.5% after 4200 aBP, as evident in T2250 (Figure 6).
[image: Figure 5]FIGURE 5 | Phytolith assemblages of T1215 and T1217 profiles.
[image: Figure 6]FIGURE 6 | Phytolith assemblages of T2250 profile.
Similarly, the percentage and concentration of rice phytoliths and millet husks increased synchronously in both T1217 and T2250 (Figures 5, 6). Especially, the concentrations of rice bulliform, double-peaked and millet husk in T1217 simultaneously reached the peak of 9.6 × 104, 30 × 104, and 9.6 × 104 grains/g at approximately 4,000 aBP, respectively. The same trend was also evident in T2250, as the concentrations of rice double-peaked and millet husk reached peaks of 57.9 × 104 and 5.5 × 104 grains/g at approximately 4,200 aBP.
It is also worth noting that the assemblage of phytoliths varied greatly from natural to cultural layers (i.e., in T1215 and T1217). It is characterised by a synchronous increase in the abundance of rice phytoliths and long saddle phytoliths belonging to Bambusoideae, bilobate and cross phytoliths belonging to Panicoideae, and rondel and trapeziform sinuate phytoliths belonging to Poaceae, Cyperaceae, and woody phytoliths. In particular, the concentration of rice phytoliths and long saddles also changed synchronously in the profiles of T1217 and T2250, which reached the highest value soon after 4,200 cal aBP, after which it decreased again, revealing a strong relationship between agricultural activities and natural changes in vegetation near the site. The concentration of long saddles sharply increased from 5.8 to 57.9 grains/g and peaked synchronously with the concentration of rice phytoliths at approximately 4,000 aBP in T1217. Similarly, in T2250, the concentration of long saddles obviously increased after 4,200 aBP, from 2.3 to 41.3 grains/g, along with the increase in rice phytolith concentration.
DISCUSSION
Studies on Neolithic agriculture in the Chengdu Plain have focused primarily on documenting the cultivation and spread of crops and were limited to the Baodun period (d’Alpoim Guedes et al., 2013; d’Alpoim Guedes and Wan, 2015). Since there are a limited amount of palaeovegetation records before and after the Baodun period, the introduction and development of rice farming in the Plain, as well as the vegetation evolution history influenced by rice farming are still a subject of discussion (Jiang, 2009; Jiang et al., 2009; Qin, 2012). The phytolith records analysed in the present study dated from 7,500 to at least 2,500 aBP provide chronological records of rice farming development and landscape alteration near the study site.
Wild Rice Distribution
The proportion of bulliform phytoliths with ≥9 fish scale patterns was largely different in wild rice soils (17.5 ± 8.3%) and domesticated rice soils (57.6 ± 8.7%), which can be used as an indicator to assess the degree and rate of rice domestication to some extent (Huan et al., 2015). According to our records, the proportion of rice bulliform phytoliths with ≥9 fish scales was maintained at approximately 15–25% throughout the T1215 profile, which was the first substantial evidence of the presence of wild rice in the Chengdu Plain as early as 7,500 BP. Our results, combined with the presence of Cyperaceae and reed phytoliths from the T1215 profile and other palaeoenvironmental evidence (Huang et al., 2019b), indicated that the environment near the Baodun site was permanent to seasonal wetlands in association with lake and marsh biomes, which contained a spectrum of ecological niches suitable for the rice wild progenitor complex (Oryza rufipogon and O. nivara).
The Development of Rice Farming
The observed sharp increase in the percentage of rice phytoliths with ≥9 fish scales beyond the distribution range of wild rice data (more than 50%), with simultaneous increases in the percentage of both rice husk and leaves after 4,200 cal BP in T 2250 and T1217 (Figures 5, 6), suggested an increase in the area of domesticated rice habitat and a decrease in the area of wild rice habitat. This, combined with the synchronous increase in the percentage and concentration of rice phytoliths, indicated that rice farming with a minor millet cultivation survival strategy occupied a dominant position no later than 4,200 aBP at the Baodun site.
We suggested that this might be a consequence of social development, and it may more likely be attributed to the rapid expansion of rice cultivation as suggested in a previous study (Gutaker et al., 2020). Gutaker et al. (2020) speculated that the climatic change (aridification) might have resulted in the southward dispersal of rice (agricultural communities). This study used absolute dating and confirmed the abrupt increases in rice abundance and domesticated traits since approximately 4,200 aBP in sedimentary archives in southwestern China, offering archaeological, biological, and chronological evidence for this suspension.
Since 4,200 aBP, Neolithic cultures and rice agriculture (Wang, 2004; An et al., 2005; Guedes et al., 2015; Wang et al., 2016) declined in East Asia/eastern China, and debates remained on what drove the decline, e.g., climate deterioration (An et al., 2005; Marcott et al., 2013), flood and wars (Wang 2004; Shen et al., 2015), and from where the people migrated (Gutaker et al., 2020). The rapid development of rice cultivation in Chengdu Plain in 4,200 aBP may shed light on this question. The aridification since approximately 4,200 aBP could not sustain the former agricultural systems and cause the southward shift of the agricultural belts, which further drove the southward migration of people, resulting in the southward dispersal of rice agricultural communities (Silva et al., 2015; Castillo et al., 2018; Gutaker et al., 2020). At this time, the climate in the Chengdu Plain was relatively mild (Luo et al., 2007; Luo et al., 2008) with ample water sources, presenting an ideal environment for wetland rice production (d’Alpoim Guedes et al., 2013). However, owing to the lack of regional high-resolution evidence of environmental change and population migration, further research is needed.
Although rice has appeared as early as approximately 4,600 BP at the site of study (d’Alpoim Guedes et al., 2013), the present study indicated low proportions of rice bulliform phytoliths with ≥9 scales between 5,000 and 4,200 aBP. We propose that the presence of wild rice had caused inevitable hybridisation with the domesticated rice (Wang et al., 2017) and the wild rice might have degenerated the traits of domesticated rice. Moreover, the area of rice cultivation during the primary stage of the Baodun culture was small, which may also be a reason for the reduced proportion of rice bulliform phytoliths with ≥9 scales. A previous archaeobotanical study also indicated that domesticated rice accounted for only 50% of the total rice remains during the Baodun period (d’Alpoim Guedes et al., 2013). However, rice remains were not distinguished by culture phases in that study. Therefore, the proportion of domesticated rice cultivated during the early stage of the Baodun culture was not exactly determined. Another evidence of a single broken rice spikelet was found in the Guiyuanqiao site in the Chengdu Plain (d’Alpoim Guedes and Wan, 2015). However, it was also difficult to determine whether it was wild or domesticated.
Landscape Changes as a Consequence of Neolithic Rice Cultivation
Our data further indicated that human-induced vegetation changes in our study region can be traced back to as early as 4,200 aBP. The vegetation transformations that occurred at this time involved a simplification of the Poaceae vegetation structure, particularly the increase in Bambusoideae (long saddle phytoliths), Panicoideae (bilobate and cross phytoliths), and Pooideae (rondel, trapeziform sinuate phytoliths), based on a comparison with phytolith records from T1215, T1217 and T2250 (Figures 5, 6). It is suggested that because of the development of rice farming, ancient people altered the surrounding vegetation, for example the irrigation expanded the habitats suitable for hydrophilous plants, such as reeds and some Cyperaceae species. Specifically, agriculture might benefit the expansion of bamboo. On the one hand, the expansion of rice paddy caused deforestation, which provided space for the expansion of bamboo. On the other hand, the utilisation of bamboo as agricultural tools and building materials promoted the development of rice production. Our records, combined with previous charcoal analyses, indicated that bamboo was widely utilised at the Baodun site (Yan et al., 2016).
The combined increase in the amount of evidence of rice and Bambusoideae further suggests that the farmhouse forest (Linpan in Chinese) landscape with the bamboo forest as one of the main vegetation types (Dajiang et al., 2011) may have appeared no later than 4,200 aBP. It also contributes to understanding the evolution of the Linpan community, which is a traditional rural settlement unit that has close relations among rice farming, daily life, and landscape and has outstanding agricultural heritage conservation values in the Chengdu Plain (Fang and Li, 2011; Yuan et al., 2020).
It should be pointed out that information relating to past plant diversity revealed by phytolith data is limited and incomplete, mainly because different plant taxa have different phytolith productivities (Piperno, 2006). In particular, woody taxa yield less phytoliths that can be identified to the genus level (Wang and Lu, 1993). Although the inherent biases of phytolith analyses cannot be eliminated, phytolith records still represent one of the best data sources to describe the surrounding landscape, especially the herbaceous vegetation landscape, in a wide ecological range, from dry to humid regions (Dickau et al., 2013; Zhang et al., 2013; Liu et al., 2021). The phytolith records described in the present study provide a glimpse of the development of rice farming throughout the Baodun culture in the Chengdu Plain and a description of Poaceae floral compositional changes since 7,500 aBP.
CONCLUSION
In the present study, phytolith remains collected from natural deposits and culture layers dated from 7,500 to 2,500 aBP at the Baodun site, Southwestern China, were analysed. The evidence indicated that wild rice was already distributed in the area as early as 7,500 aBP. The comparison of phytolith records from natural and archaeological layers indicated that the survival strategy of rice cultivation for the Baodun people occupied a dominant position no later than approximately 4,200 aBP. We suggest that this may be due to the expansion of rice cultivation to southwestern China caused by late Holocene climate deterioration and the subsequent decline of Neolithic culture in eastern China. The intensified farming activities further induced Poaceae vegetation alternation, particularly the expansion of the bamboo forest in areas near the Baodun site. These findings have implications in understanding the distribution of wild rice during the Holocene, as well as in understanding the development of rice farming and human-induced vegetation and landscape changes in past small-scale societies of Southwestern China. Thus, this study contributed to the understanding of the formation and continuance of the ancient Sichuan civilisation.
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Human activity has transformed the Earth’s landscapes pervasively for thousands of years, and the most important anthropogenic alteration was the clearing of forests and the establishment of agriculture. As a center of rice domestication and early population growth, the lower Yangtze River has been extensively transformed in the Holocene. However, the timing, extent, and process of deforestation and its relationship with the intensification of rice cultivation remain controversial. Here, four representative archaeological sites ranging from 8,100 to 4,300 cal a BP, that is, Jingtoushan, Hemudu, Yushan, and Xiawangdu sites, were selected for detailed palynological analysis, and evidence of anthropogenic deforestation and subsistence strategy were also synthesized to investigate dynamic human–forest interaction. Although natural vegetation had already been altered at the Jingtoushan site around 8,000 cal a BP, it was more likely to be the management of acorns by limiting burning to open habitats and increasing yield. As the subsistence shifted from acorn exploitation toward rice cultivation after 6,000 cal a BP, real deforestation for agriculture may occur at the Yushan and Xiawangdu sites due to conflict on labor input and land use. However, these deforestations were just confined to the archaeological sites at local scale, and no consistent vegetation change occurred at regional scales induced by human activities until the last 3,000 years.
Keywords: deforestation, rice cultivation, Jingtoushan, palynological analysis, lower Yangtze River
INTRODUCTION
Human activity has altered the Earth’s system pervasively by transforming landscapes, changing vegetational biodiversity, and altering atmospheric composition (Olofsson and Hickler, 2008; Ruddiman et al., 2015; Mottl et al., 2021). Global land-use modeling and ArchaeoGLOBE synthesis revealed that agriculture and pastoralism had become extensive since 6,000 cal a BP, and largely transformed the planet by 3,000 cal a BP (Kaplan et al., 2011; Stephens et al., 2019). In addition, early anthropogenic hypotheses attributed the anomalous increase in atmospheric CO2 after 7,000 cal a BP and CH4 after 5,000 cal a BP to prehistoric deforestation and wet-rice farming, respectively (Ruddiman, 2003; Ruddiman et al., 2016). As the most important anthropogenic alteration of the natural environment, deforestation and agriculture have been intensively debated by scientists across disciplines (Kaplan et al., 2009; Li et al., 2009).
Although China was widely recognized as a center of rice domestication and early population growth (Lu et al., 2002; Hosner et al., 2016; Zuo et al., 2017), the timing and extent of anthropogenic deforestation were still in dispute. Palynological records indicate human activities have altered the natural vegetated landscapes by deforestation in southern China since 6,000 cal a BP and resulted in a 37% decrease in forest cover in the Yangtze River (Ren, 2006; Cheng et al., 2018). In contrast, synthesis of pollen records in eastern China suggests the effects of human disturbance on vegetation may only occur at some local sites early in the Holocene and have only become an increasingly important factor during the last 2000 years (Liu and Qiu, 1994; Zhao et al., 2009). However, most of these studies have been conducted on natural sediments and have exhibited indirect signals of human activities, lacking archaeological evidence.
In the lower Yangtze River, pollen and charcoal data from the Kuahuqiao site demonstrated that alder-dominated wetland scrub or oak-pine-dominated forests had been cleared using fire by early rice-cultivators after 7,700 cal a BP (Zong et al., 2007; Innes et al., 2009; Shu et al., 2012). Nevertheless, charcoal analysis from cores near the Kuahuqiao site suggested that human-induced fires were restricted to a small geographic area with no constant large-scale slash-and-burn farming activities (Hu et al., 2020). Pollen data from paddy fields at the Tianluoshan site also suggested no evidence of slash-and-burn agriculture from 7,000 to 4,200 cal a BP (Li et al., 2012). Black carbon analysis of paddy soils from the Chuodun site further demonstrated that the fire was applied to burn crop residue rather than natural vegetation (Hu et al., 2013). Thus, whether the deforestation and slash-and-burn agriculture were adopted in the lower Yangtze River remains controversial.
To investigate the timing, extent, and process of deforestation in the lower Yangtze River and its relationship with the intensification of rice cultivation, four representative archaeological sites (i.e., Jingtoushan, Hemudu, Yushan, and Xiawangdu) (Figure 1A) were selected for detailed palynological analysis in this study. Furthermore, evidence of deforestation induced by human activities and the transition of subsistence strategy in this region were also synthesized to offer insight into the dynamic interaction between deforestation and rice cultivation in the Holocene.
[image: Figure 1]FIGURE 1 | Spatiotemporal distribution of archaeological sites sampled in this study. (A) Location of archaeological sites sampled. (B) Age range and culture sequence of archaeological sites.
MATERIALS AND METHODS
Study Site and Sample Collection
The four archaeological sites are located on the Ningshao Plain on the southern shore of Hangzhou Bay in eastern China (Figure 1A). The sequence of Neolithic cultures mainly consisted of the Hemudu Culture (7,000–5,000 cal a BP), which is generally subdivided into four periods at approximately 500-year intervals (Wang, 2000), and the Liangzhu Culture (5,000–4,300 cal a BP) (Figure 1B). The mean annual precipitation and temperature in this region are c.1000–1,400 mm and c.15–16°C, respectively. Regional vegetation is under the influence of the East Asian Monsoon and is characterized by subtropical mixed forests of evergreen trees, for example, Lithocarpus, Cyclobalanopsis, and Quercus, and deciduous trees, for example, Liquidambar, Castanea, and Celtis.
Jingtoushan site (30°2′N, 121°22′E) is situated in the Yaojiang Valley, about 2.3 km west of the Tianluoshan site and 7.6 km north of the Hemudu site, with elevation of 2.5 m above local mean sea level (Zhejiang Provicial Institute of Cultural Relics and Archaeology et al., 2021). The Jingtoushan site was first discovered and drilled in 2014, and the cultural layers were about 7–8 m below the ground, which was the deepest archaeological site in the coastal region of China. Three sections of No. 4 core were selected for pollen analysis, that is, 4 h (1,020–920 cm), 4 g (920–820 cm), and 4f (820–720 cm). The cultural layer (930–805 cm) was subdivided into three layers: the silt layer (930–890 cm), the charcoal layer (890–860 cm), and the shell layer (860–805 cm), which was formed upon weathered crust and overlaid by thick marine sediments (Supplementary Figure S1). A total of 35 samples were collected at 4 cm intervals, including 25 samples from the cultural layer and five samples from the natural sediment layers below and above, respectively.
The Hemudu site (29°58′N, 121°21′E) is situated beside the Yaojiang River and has been excavated twice in 1973 and 1977, covering approximately 50000 m2 (Zhejiang Provincial Institute of Relics and Archaeology, 2003). A 715-cm long core HMD1602 was retrieved from the site reservation of pile dwellings southeast of the Hemudu museum in 2016. The upper 140 cm was composed of continental and artificial layers that were not analyzed. The sediment of 370–140 cm was the Hemudu cultural layer and was sampled at 10 cm intervals. The sediment of 558–370 cm containing numerous foraminifera and marine diatoms was interpreted as a neritic layer and sampled at approximately 20 cm intervals (Supplementary Figure S2) (He et al., 2020b). A total of 27 samples were collected for pollen analysis, including 17 samples from the cultural layer and 10 samples from the natural layers below.
The Yushan site (30°02′N, 121°33′E) is situated on the eastern entrance of the Yaojiang Valley, 7.3 km west to the present coastline (Ningbo Municipal Institution of Cultural Relics and Archaeology et al., 2016). The Yushan site was excavated in 2013, and a 275-cm long profile was collected from the south section of trench T0213 (Supplementary Figure S3). The upper 60 cm of the profile encompassed historic and modern sediment and was not sampled. The lower 215 cm was subdivided into three natural layers of marine transgression at 275–250 cm, 215–180 cm, and 120–60 cm, and two cultural layers of Hemudu Period II (250–215 cm) and Hemudu Period III-Liangzhu Culture (180–120 cm) (He et al., 2018). A total of 43 samples were collected at 5 cm intervals for pollen analysis.
The Xiawangdu site (29°46′N, 121°26′E) is situated beside the Fenghua River, which merges with Yaojiang River to form Yongjiang River at Ningbo City (Ningbo Municipal Institution of Cultural Relics and Archaeology et al., 2019). This site was excavated in 2017, and a 195-cm long profile sampled was in the west section of trench T0602 (Supplementary Figure S4). The upper 10 cm of the profile encompassed historic and modern sediment and was not sampled. The lower 185 cm encompassed three main units, including natural layers of marine transgression at 195–160 cm, cultural layers of Hemudu Period III—IV (160–50 cm), and Liangzhu Culture (50–10 cm) (He et al., 2020a). A total of 40 samples were collected at approximately 5 cm intervals for pollen analysis.
In total, 145 samples were collected from cores/profiles of the four archaeological sites, which were located in the core region of each archaeological site with the most complete cultural sequence and sediments, ranging from the coast to foothills in space and spanning the middle Holocene (8.2–4.2 cal ka BP) in time. Previously, pollen records of profiles from the Yushan and Xiawangdu sites have been reported (He et al., 2018; He et al., 2020a). For this study, palynological analysis of the cores at the Jingtoushan (Supplementary Figure S5) and Hemudu (Supplementary Figure S6) sites was conducted to get a full view of human–environment interaction during the whole middle Holocene. Each core/profile encompassed both natural (light gray) and cultural layers (dark gray) (Figure 1B) for further comparison of environmental change and human activities.
Radiocarbon Dating
Thirty-four samples in total were collected for dating, which have been conducted in four radiocarbon laboratories: Beta Analytic (Beta), Peking University (BA), Paleo Labo Co. (PLD), and the University of Georgia (UGa). With regard to the cores at the Jingtoushan and Hemudu sites, plants and charcoal were collected systematically during sampling; as to the profiles of the Yushan and Xiawangdu sites, samples were collected at the boundaries of each layer and screened to retrieve short-lived seeds and charcoal for dating. The radiocarbon ages were calibrated uniformly using the IntCal20 dataset with the OxCal v4.4 program (Bronk Ramsey, 2009; Reimer et al., 2020). Dates of the Jingtoushan site are first published in this study, and details of all the dates are displayed in Table 1 and Figures 2, 4.
TABLE 1 | A summary of AMS14C ages from the archaeological sites sampled.
[image: Table 1][image: Figure 2]FIGURE 2 | Pollen diagram and relationship between selected taxa at the Jingtoushan and Hemudu sites. (A,B) Percentage and concentration pollen diagram with selected taxa. Gray horizontal bars denote the natural layers without human activities. Locations of the dating samples are shown on the right side of the depth scale by red rectangles. (C,D) Relationship between percentage of Quercus and Poaceae ≥35 μm pollen.
Pollen Analysis
Two grams of each sample were weighed for pollen analysis. Pollen samples were treated according to the standard procedure developed by Moore et al. (1991), and generally, over 400 grains were counted for each sample using a Leica DM 750 microscope at ×400 magnification. Microscopic charcoal was counted on the pollen slides while identifying pollen. Identification of pollen and spores was made with reference to modern and Quaternary atlases (Institute of Botany and South China Institute of Botany, 1982; Wang et al., 1995; Tang et al., 2016). Quercus (oak) pollen included two categories based on the surface, tricolporoidate and size, that is, Quercus-deciduous and Quercus-evergreen (including Cyclobalanopsis) (Tang et al., 2018). Poaceae pollen was divided into three size categories (<35, 35–40, and >40 μm), and the large size category (≥35 μm) had been identified as domesticated rice pollen in the sediment of eastern China (Yang et al., 2012). Zones in the pollen diagram were divided according to the sediment and pollen assemblages using C2 software (Juggins, 2007). In addition, a correlation analysis between the percentage of Quercus and Poaceae ≥35 μm pollen was conducted by Origin 2021 software.
RESULTS AND DISCUSSION
Deforestation and Rice Cultivation Inside the Archaeological Sites
In this study, the terrestrial pollen assemblages of the four archaeological sites were all predominated by arboreal Quercus (average 20.4–46.3%) and herbaceous Poaceae (average 16.9–51.8%), and exhibited diverse patterns with time. In the natural layers of the Jingtoushan (Zones I and III) and Hemudu (Zone I) sites, the pollen diagram was dominated by the primeval vegetation of Quercus and Pinus. In contrast, the percentage of Quercus declined conspicuously and was progressively replaced by that of rice-type Poaceae ≥35 μm in the cultural layers of the Jingtoushan (Zone II, 8,100–7,800 cal a BP) and Hemudu (Zone II, 7,100–6,500 cal a BP) sites (Figures 2A,B). However, the percentages were problematic among different sedimentary facies. The decrease of Quercus in the cultural layer may not result from deforestation but be caused by the relative rise of Poaceae ≥35 μm instead (Li et al., 2012), which could be corroborated by the strong negative correlation between that of Quercus and Poaceae (Figures 2C,D).
In addition, the decline in the percentage of Quercus and the increase of charcoal in the cultural layer of the Jingtoushan (Zone II-2) and Hemudu (Zone II-1) sites may imply the management of thinning the stands of acorn using fire to harvest efficiently (Pan et al., 2017). Although large quantities of wooden remains, such as pile dwellings, had been excavated at the Jingtoushan and Tianluoshan sites (Figures 3A, B), only a few were identified as Quercus (11.4%) (Figure 3C) (Suzuki et al., 2011), which implied that Quercus may have been consciously protected for the collection and storage of acorns (Figures 3D, E) rather than deforestation.
[image: Figure 3]FIGURE 3 | Wooden remains and pits of acorns excavated at the Jingtoushan and Tianluoshan sites. (A) Wooden remains excavated below layer 17 in T508 trenches of the Jingtoushan site, including wooden handle and paddle. (B) Pile dwellings excavated below layer 6 at the Tianluoshan site. (C) Identification of tree species of archaeological woods from the Tianluoshan site (Suzuki et al., 2011). (D,E) Pits of acorns from the Jingtoushan (H13) and Tianluoshan sites.
In the profiles of the Yushan and Xiawangdu sites, the concentration of Pinus, Quercus, and Poaceae almost changed synchronously, implying that the relative abundance may not be affected by different sedimentary facies (Figures 4A, B). Moreover, the negative correlation between the percentage of Quercus and Poaceae was weak (Figures 4C, D), indicating these two pollen types change independently and the percentage could reflect the real evolution of local vegetation. In the later stages of the cultural layers of the Yushan (Zone IV, 5,600–5,000 cal a BP) and Xiawangdu (Zone II and III, 5,600–4,300 cal a BP) sites, the decline of the percentage of Quercus and Pinus coincided with the increase of that of Poaceae ≥35 μm and charcoal, suggesting deforestation of Quercus forest induced by the intensification of rice cultivation. Archaeobotanical research suggested that extensive paddy systems, such as Tianluoshan, Shi’ao (ca 4,650 m2), and Maoshan sites (ca 55000 m2) (Figures 5A–C) (Zheng et al., 2009; Zhuang et al., 2014), and new farm tools, such as stone plow and bone spade (Figures 5D–F) (Fuller et al., 2008), had been applied since late Hemudu-Songze and Liangzhu culture, which further support the hypothesis of slash-and-burn practices due to the possible shortage of cultivated land.
[image: Figure 4]FIGURE 4 | Pollen diagram and relationship between selected taxa at the Yushan and Xiawangdu sites. (A,B) Percentage and concentration pollen diagram with selected taxa. Gray horizontal bars denote the natural layers without human activities. Locations of the dating samples are shown on the right side of the depth scale by red rectangles. (C,D) Relationship between percentage of Quercus and Poaceae ≥35 μm pollen.
[image: Figure 5]FIGURE 5 | Paddy system and farm tools excavated in the lower Yangtze River. (A) Paddy system in T803 and T703 trenches from the Tianluoshan site, dated 5,290 to 5,040 cal a BP (Zheng et al., 2009). (B) Paddy system excavated at the Shi’ao site, covering about 4,650 m2, dated 4,900 to 4,500 cal a BP. (C) Paddy system excavated at the Maoshan site, covering about 55000 m2, dated 4,700 to 4,200 cal a BP (Zhuang et al., 2014). (D) Split type stone plow excavated at the Maoshan site. (E,F) Integrative type stone plow and bone spade excavated at the Xiawangdu site.
Evolution of Subsistence Strategy: Acorn Exploitation vs. Rice Cultivation
Acorns are the nuts of Quercus sp., which are the constructive species of the subtropical mixed forests of evergreen and deciduous trees in southern China, and constitute the main arboreal component in the palynological records since the late Quaternary (Tang et al., 2018). Ethnographic and archaeological evidence suggest that acorn is a significant resource commonly consumed by Native Americans (Anderson, 2005) and recovered from prehistoric sites in Levant Upper-Palaeolithic (Barlow and Heck, 2002), Japanese Jomon (Takahashi and Hosoya, 2002), and Chinese Early-Middle Neolithic (Yang et al., 2009; Liu et al., 2010a). The earliest evidence for the exploitation of acorn in the lower Yangtze River was starch grains extracted from grinding stones of the Shangshan culture (10,000–8,500 cal a BP) (Liu et al., 2010b; Wang and Jiang, 2021). In addition, large quantities of acorns have been excavated from the storage pits at the Kuahuqiao, Hemudu, and Tianluoshan sites (Figure 6A) (Zhejiang Provincial Institute of Relics and Archaeology, 2003; Fuller et al., 2011; Jiang, 2014).
[image: Figure 6]FIGURE 6 | Shift in subsistence from acorn exploitation to rice cultivation. (A) Location of sites with acorns (1–7) and paddy (8–9) excavated in the lower Yangtze River. 1. Shangshan, 2. Xiaohuangshan (Liu et al., 2010b), 3. Kuahuqiao, 4. Jingtoushan, 5. Tianluoshan, 6. Hemudu, 7. Yushan, 8. Shi’ao, 9. Maoshan (Zhuang et al., 2014). (B) Proportion of plant remains from three sites, Kuahuqiao (KHQ) (Pan, 2011), Tianluoshan (TLS) (Fuller et al., 2009), and Yushan (YS) (Zheng et al., 2019), indicating percentages of rice, acorns, and others.
Acorn is a starch-rich resource that was likely to be exploited as a staple food, predating the establishment of rice agriculture. In the early stages of rice cultivation, acorns accounted for approximately 41.2 and 52.2% of the whole plant remains at the Kuahuqiao and Tianluoshan sites (Figure 6B), respectively (Fuller et al., 2009; Pan, 2011). In addition, more than twenty storage pits of acorns had been recovered at the Tianluoshan site, and pieces of acorn shells had also been sieved out (Sun, 2013). Thus, in the subsistence strategy, acorn can be used as a staple food for both reserve resources and daily consumption. As a result, the Quercus may have been managed consciously by limiting burning to open habitats and increasing per-tree yield (Pan et al., 2017), and the decline of the concentration of Quercus in the cultural layer of Jingtoushan (Zone II-2, ca 8,000 cal a BP) and Hemudu (Zone II-1, ca 7,000 cal a BP) sites may have just reflected this human activity. Considering the low-level production of rice cultivation prior to 6,000 cal a BP, ancient humans may not sacrifice the resource of acorns to give way to undependable rice cultivation.
However, several factors may restrict the acorn exploitation. First, acorns are a seasonal resource, concentrated from August to October, and their annual yields vary dramatically (Pan et al., 2017). Second, acorns need special processing methods to remove tannins and an appropriate temperature and humidity during storage (Takahashi and Hosoya, 2002). Finally, a cooling trend through the middle to late Holocene may cause regional declines in oaks (Fuller and Qin, 2010). Therefore, the proportion of acorns in plant remains declined significantly to approximately 6.8 and 2.4% during the later stages of the Tianluoshan and Yushan sites, while that of rice increased progressively to 25.5 and 34.0% (Figure 6B), respectively (Fuller et al., 2009; Zheng et al., 2019). As the subsistence economy shifts toward an increasing focus on rice, acorns may degenerate from a staple to a famine food reserve (Hosoya, 2011). The labor input and land use of rice cultivation conflicted with that of acorn exploitation, resulting in the local deforestation that is recorded at the Yushan and Xiawangdu sites.
Timing and Extent of Deforestation Induced by Human Activities
Deforestation for farming was the main type of impact on land use made by prehistoric humans on vegetation that has been detected in Europe and China since the middle Holocene (Ren, 2000; Fyfe et al., 2015; Roberts et al., 2018). The entire ecological process of human-induced deforestation could be modeled into five stages, that is, primeval vegetation, deforestation, cultivation, abandonment, and restoration, which can be reflected in the palynological records (Li et al., 2008). The pollen assemblage of anthropogenic deforestation was generally characterized by a decrease of zonal broadleaf wood (e.g., Quercus) and a rise of secondary pioneer trees (e.g., Pinus), ferns, and herbs (e.g., Poaceae), accompanied by an increase in charcoal (Zheng et al., 2004; Li et al., 2008; Xu et al., 2010). The lower Yangtze River was densely distributed with over 4,000 archaeological sites during the Neolithic and Bronze Age (Hosner et al., 2016) and was substantially transformed by humans. Based on the relative distance to the archaeological sites, palynological research works on the timing of deforestation induced by human activities can be divided into three categories: natural (>3 km), intermediate (50 m-3 km), and archaeological sites (Figure 7A), respectively.
[image: Figure 7]FIGURE 7 | Records of deforestation induced by human activities in the lower Yangtze River. (A) Location of sites with records of deforestation. (B) Boxplot of deforestation timing recorded in natural, intermediate, and archaeological sites. Detailed information of the sites numbered is shown in Table 2.
The earliest signals of anthropogenic deforestation in the lower Yangtze River could be traced back to ca 8,000 and 7,700 cal a BP from the Jingtoushan and Kuahuqiao sites (Table 2) (Zong et al., 2007; Shu et al., 2012); however, the average and median dates of deforestation among archaeological sites were ca 7,000 cal a BP. As to the intermediate site that is situated 50–3,000 m outside the adjacent archaeological site, the timing of deforestation ranged from ca 7,000 to 3,000 cal a BP, with an average and median date of ca 5,000 cal a BP. Finally, the timing of deforestation from the natural sediments ranged from ca 4,000 to 1,500 cal a BP, which was generally later than ca 3,000 cal a BP. Significantly, the timing of deforestation decreased progressively from ca 7,000 cal a BP of the archaeological to ca 5,000 cal a BP of the intermediate site and ca 3,000 cal a BP of the natural sites at the end (Figure 7B).
TABLE 2 | Detailed information on the start time of deforestation induced by human activities in the lower Yangtze River (see Figure 7 for locations).
[image: Table 2]Therefore, the synthesized pattern of pollen records in the lower Yangtze River suggested that possible anthropogenic deforestation in the middle Holocene was confined to local scales (Zhao et al., 2009), and no consistent vegetation change occurred at regional scales induced by human activities as reported previously (Ren, 2006). Instead, the main driver of regional vegetation change at the mid-late Holocene transition in eastern China may be attributed to climatic deterioration (Innes et al., 2014). In general, the effects of human disturbance on vegetation at local scales intensified gradually from archaeological to intermediate sites since the middle Holocene, and became an increasingly important factor in the vegetation of natural sites at regional scales until the last 3,000 years (Liu and Qiu, 1994; Zheng et al., 2021), which coincided with a noticeable increase in the number of archaeological sites after 3,500 cal a BP in southern China (Hosner et al., 2016).
CONCLUSION
In this study, synthesized palynological analysis was applied to the Jingtoushan, Hemudu, Yushan, and Xiawangdu sites, and shed light on the timing, extent, and process of deforestation accompanied by the intensification of rice cultivation in the lower Yangtze River. Although natural vegetation had already been altered at the Jingtoushan site around 8,000 cal a BP, it was more likely to be management of acorns by limiting burning to open habitats and increasing per-tree yield. As the subsistence economy shifted toward rice cultivation after 6,000 cal a BP, real deforestation for agriculture may happen due to conflict of acorn exploitation on labor input and land use, which was just confined to local scale inside the archaeological site. Possible synchronous deforestation that occurred in archaeological, intermediate, and natural sites at regional scales may be postponed until the last 3,000 years.
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The transformation from hunter-gathering to farming in the south China coast has always been a conspicuous topic, as its great significance for the understanding of crop dispersal and human migration into southern China and Southeast Asia. It has been primarily assumed that rice was the only crop cultivated by early farmers in this region since 5,000 cal. BP., but the reliability of this speculation remains ambiguous, owing to the lack of systematic evidence. Based on analysis of macroscopic plant remains and phytoliths, as well as AMS radiocarbon dating at the Gancaoling site in Guangdong province, this study demonstrates the emergence of agriculture in the south China coast could be dated back to as early as 4,800–4,600 cal. BP., with the cultivation of rice and foxtail millet. This subsistence strategy change was an integral part of a more comprehensive social transformation, which started a new era of local history. Moreover, this discovery also provides further evidence supporting the universality of mixed farming in southern China and shed new light on the study of agriculture southward dispersal. The crop package of rice and millets possibly spread into the south China coast from Jiangxi via the mountain areas and then into Mainland Southeast Asia by a maritime route along the coastal regions.
Keywords: rice, foxtail millet, agriculture dispersal, southern China, mainland southeast Asia
INTRODUCTION
The transformation from Paleolithic to Neolithic has long been regarded as the most fundamental revolution in the history of human beings (Childe, 1936; Bar-Yosef, 1998; Olsson and Paik, 2016). With the progress of archaeological research in the past decades, it is becoming more evident that this process was not as simple as imagined before. The related innovations, such as agriculture, pottery, ground stone, and sedentism, did not appear simultaneously, and the order of their appearance varied greatly among different regions (e.g., Kuijt and Goring-Morris, 2002; Fuller et al., 2015; Jordan et al., 2016). Ancient people in many areas with the capability of making pottery and ground stone tools still relied on hunter-gathering for their daily food supplies for thousands of years, while others had gone farther and farther along the pathway of food production. Nevertheless, most of these hunter-gathering communities have ultimately been transformed into or replaced by farming societies, leading to the formation of a farming-dominated world (Bellwood, 2005; Ellis et al., 2013; Stephens et al., 2019). Therefore, how these secondary transformations happened is no less important than the origin of the Neolithic lifeway for our understanding of the grand history of human beings.
The south China coast, along with its adjacent Nanling mountain areas, is one of the typical regions for the investigation of this issue. Current evidence of pottery in this region could be dated back to 17,000 cal. BP. from the Qingtang site (Guangdong Provincial Institute of Archaeology and Museology et al., 2019), while other discoveries before 10,000 cal. BP. have also been reported from Zengpiyan, Niulandong and many other cave sites (Zhang, 2002). Ground stones were also widely found here around 15,000–10,000 cal. BP. (Xiang, 2014). By contrast, no domesticated plants were utilized at the same time, and local people had led a hunter-gathering lifestyle for quite a long time (Zhang and Hung, 2012; Yang et al., 2017; Deng et al., 2019). Regarding the later transformation from hunter-gathering to farming, it has been speculated to be after 5,000 cal. BP. (Zhang and Hung, 2010), while recent evidence from Shixia, Laoyuan, and Chaling of this region reveals a later date of 4,500 cal. BP (Yang et al., 2018; Xia et al., 2019). In this case, more systematic work is still needed to clarify the precise time of agriculture emergence and details of farming practice in this region.
On the other hand, this transformation process in the south China coast is significant for investigating agricultural dispersal into Mainland Southeast Asia. Previous studies have proposed that agriculturalization of Mainland Southeast Asia was based on the introduction of domesticated crops along the terrestrial route from Yunnan province of China, the source region of which could be traced back to Sichuan and then Gansu province in northwest China (Higham, 1996; Higham, 2002; Guedes, 2011; Guedes and Butler, 2014; Deng et al., 2018). However, current earliest evidence of domesticated crops in Mainland Southeast Asia is from the south part of Thailand around 4,500–4,200 cal. BP. (Weber et al., 2010), and it seems possible that rice and millets arrived at the same time in this region. This discovery is almost as old as the earliest evidence from Yunnan (Dal Martello et al., 2018) and thus makes the proposed terrestrial route less convincing. In this case, another maritime route has been raised to reconcile contradictions embedded in current evidence (Higham, 2019; Gao et al., 2020). Nevertheless, because of the absence of mixed farming in the south China coast, the start point of this route is placed further to the southeast coast in Fujian province, the feasibility of which is also not that strong as the distance is too long. Hence, the precise time of agriculture appearance and whether the crop pattern of earliest farming in the south China coast is pure rice or both rice and millet is of great significance to clarify the dispersal of agriculture into Mainland Southeast Asia.
The study presented here is aimed to investigate the general condition of earliest farming in the south China coast, especially the precise time of agriculture emergence, crop pattern and their possible influences on other regions. Systematic samples have been collected from the Gancaoling site of Guangdong province and analyzed by integrating phytoliths, macroscopic plant remains, and direct radiocarbon dating. The new results indicate farming had dispersed into the south China coast around 4,800–4,600 cal. BP. Unlike the previous proposed pure rice agriculture, both rice and foxtail millet were cultivated and consumed by the first farmers in this region. Moreover, this study also emphasizes the significance of the south China coast for the southward dispersal of agriculture into Mainland Southeast Asia.
MATERIALS AND METHODS
Site Description
Gancaoling (23°18′15″N, 113°32′53″E) is situated in the northwest edge of the Pearl River delta, with the Nanling Mountains stretching in the north (Figure 1). It was first discovered in 2017 during the prophase archaeological survey for the construction of a new expressway across this region. The whole site covers the top of a small hill, and the total area is nearly 5,000 m2 (Figure 2). After that, a systematic excavation was conducted from 2017 to 2018, covering an area of 3,200 m2. The excavation reveals that cultural deposits of Gancaoling are mainly late Neolithic remains, including 81 pits, 160 graves and 40 post holes, which are possibly ruins of ancient houses or other constructions. From these contexts, large numbers of ceramics, stone tools and a few jade artefacts have been unearthed. Besides, ten graves of the late Warring States period have also been found.
[image: Figure 1]FIGURE 1 | Location of the Gancaoling site and other related sites.
[image: Figure 2]FIGURE 2 | Overview of the Gancaoling site and the excavation area.
Sample Collection and Processing
For the analysis of plant remains, 213.5 L of bulk samples were collected from 12 contexts during the excavation, 11 of which were pits with refilled daily refuse and one was earth fill of a tomb. Before being processed, a small sub-sample of roughly 50 ml soils was taken out from each sample and saved for phytolith analysis (except for contexts H55 and M50). The rest sediments were floated at the site using flotation buckets (Pearsall, 2000), and the afloat macroscopic plant remains were collected by mesh bags with 300 × 300 μm2 apertures. All floats were then dried in shade and sent to the Archaeobotany Lab of Peking University for further analysis. Seeds, fruits and other parts of plant remains were sorted and identified under a stereomicroscope at 10–20× magnification, according to modern collections and published criteria (Wang, 1990; Guo, 2009; Nesbitt, 2016; Cappers and Bekker, 2022).
Phytolith samples were processed referring to established procedures with slight modifications (Pearsall, 2000; Lu et al., 2002). For each sample, 2 g small sample was weighed and treated with 30% H2O2 to remove organic matter. After three distilled water rinses, 15% HCl was used to remove carbonates. With another three distilled water rinses, phytoliths were separated from the sediments using heavy liquid (ZnBr2, 2.35 g/cm3) floatation. The suspension with separated phytoliths was removed into a new tube and washed three times with distilled water. It was then mounted on a slide with Canada Balsam. After air drying, phytoliths of each slide were identified and counted under an optical microscope at 400× magnification according to published references and criteria (Wang and Lu, 1992; Lu et al., 2002; Ball et al., 2016). For each sample, at least 500 phytoliths were recorded.
To detect the precise date of each context and chronology of the Gancaoling site, at least two dating samples were selected from each context and sent to the Laboratory of Radiocarbon Dating in Peking University and Beta Analytic Testing Laboratory for direct accelerator mass spectrometry (AMS) radiocarbon dating (Table 1). In total, 18 samples were tested, and most of the specimens were single rice grain or nut husk fragment. Only in the case of one sample, four foxtail millet grains from context H54 were combined to ensure enough carbon after pre-treatment.
TABLE 1 | AMS radiocarbon dating results from the Gancaoling site (All dates are calibrated by OxCal v4.4.4, using the IntCal 20 Atmospheric curve).
[image: Table 1]RESULTS
AMS Radiocarbon Dating Results
All samples processed in this study yielded radiocarbon dates successfully. These dates were calibrated by OxCal 4.4 (Bronk Ramsey, 2009), using the IntCal20 atmospheric curve (Reimer et al., 2020), and presented in Table 1. Comparison of results from each context suggests that most of them are highly consistent with each other. According to the dating results, the sampled contexts of Gancaoling generally could be divided into two groups. The dates of the first group are concentrated in the range of 4,600–4,400 cal. BP. Whereas only contexts H19 and H44 could be incorporated into this group. The remaining contexts are all possibly formed a little bit later, around 4,400–4,200 cal. BP., while a few contexts like M50 and H60 could be as late as 4,000 cal. BP. with relatively low probability. Overall, it could be concluded that late Neolithic human activities at this site lasted for hundreds of years, in the range of 4,600 to 4,100 cal. BP., with a very low probability reaching 4,800 cal. BP.
Phytoliths
The preservation condition of Phytoliths in all samples of Gancaoling was relatively poor, many of which were eroded and not easy to be precisely identified. The only crop found in phytolith records of Gancaoling was rice, including double-peaked type from rice grain husk, bulliform flabellate from rice leaf, and paralleled bilobate from rice leaf or stem (Figures 3A–E). However, quantities of these identifiable rice morphotypes were deficient, and they were sparsely found in 8 samples, comprising 0.2–0.6% of all phytolith remains in each sample (Figure 4, Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Phytoliths and macroscopic plants remains from Gancaoling [(A,B). double-peaked type; (C). rice bulliform flabellate; (D,E). paralleled bilobate; (F). rice grain; (G). rice spikelet base, non-shattering type; (H). rice spikelet base, immature type; (I). foxtail millet mature grain; (J). foxtail millet immature grain; (K). Setaria sp.; (L). Digitaria sp; (M). Scirpus sp; (N). Canarium sp., endocarp fragment].
[image: Figure 4]FIGURE 4 | Phytolith assemblages of all contexts from the Gancaoling site.
Besides of these rice remains, 16 morphotypes have been recorded. The most abundant type was spheroid echinate phytolith yielded from palms. It has been found in all contexts, and the highest proportion is 68.8%. Besides, the proportion of bilobate type was also quite high, most of which was more than 10%, and the highest one was 56.1%. Other morphotypes like polylobate and cross from Panicoideae, rondel from pooideae, long saddle from bamboo, middle saddle from Arundinoideae, short saddle from Chloridoideae, and Cyperaceae type, have also been recorded in most samples with quite low proportion. Besides, other common types, such as blocky, tracheary annulate, elongate dentate, elongate entire and acute bulbosus, have been widely found in all samples, but none of them could be identified explicitly to genera level.
Macroscopic Plant Remains
Macroscopic plant remains were generally not rich in the 12 sampled contexts of Gancaoling (Supplementary Table S2). In total, 3,373 seeds, fruits and other parts of plants have been recovered, and the average density was only 15.7 specimens per litre. Moreover, there was a significant disparity in density among different contexts, with the highest one reaching 52.3 per litre, and the lowest one was only 3.3 per litre. Overall, 15 taxa of plants have been recognized into genera, species, or family level, while a portion of specimens have not been identified. All these remains could be generally grouped into four categories: crops, fruits, grasses, and weeds (Figure 5).
[image: Figure 5]FIGURE 5 | Assemblages of macroscopic plant remains from all contexts of Gancaoling.
Rice (Oryza sativa) was the most common crop in Gancaoling, and has been found in all contexts sampled in this study. These remains comprised rice grains (Figure 3F) and fragments, rice spikelet bases (Figures 3G,H) and isolated rice grain embryos. Specifically, rice grain fragments were classified into large fragments (larger than half grains), small fragments (smaller than half grains but larger than 1 mm) and tiny fragments (smaller than 1 mm), according to their preservation conditions. According to established criteria, the rice spikelet bases of Gancaoling could also be divided into non-shattering and immature types (Fuller et al., 2009), and 99.29% of them are non-shattering, suggesting they were domesticated. These rice remains in total took up 83.55% of macroscopic plant remains from Gancaoling, with 50 grains, 498 grain fragments, one isolated rice embryo and 2,255 spikelet bases. Foxtail millet (Setaria italica) was another crop found in Gancaoling (Figure 3). It was obviously not widely utilized in the late Neolithic period and has only been found in context H54 and M50, including seven mature grains (Figure 3l) and eight immature ones (Figure 3J).
Fruits were not common at Gancaling, and Canarium sp. (Figure 3N) and Sambucus sp. were the only two identifiable fruits. 77 nutshell fragments of Canarium sp. have been found in 5 contexts (Supplementary Table S2), while only one seed of Sambucus sp. appeared in context H19. Besides, ten kinds of grasses and other weeds have been recorded, including Setaria sp. (Figure 3K), Digitaria sp. (Figure 3L), Eleusine indica, Scirpus sp. (Figure 3M), Polygonum sp., and Brassicaceae. However, their quantities were generally quite limited.
DISCUSSION
Subsistence Transformation and Social Shift in the Late Neolithic of South China Coast
Located far from the two agriculture origin centres of China, the Neolithic subsistence strategy in the south China coast has been a conspicuous topic and stimulated different hypotheses. Because of its special environment settings and natural resources, this region has been proposed as the third agriculture origin centre in China, mainly based on roots and tubers, such as taro (Zhao, 2011). While more scholars tend to believe ancient people here were engaged primarily in hunting, fishing and gathering (Chang, 1969; Higham, 2006; Zhang and Hung, 2012). A recent case study at the Xincun site reveals that wild plants like sago-palm, bananas, freshwater roots and tubers were processed by local people as recently as 5,000 cal. BP or even later (Yang et al., 2013). Another research also suggests that tree fruit, especially Canarium, was widely utilized in the Lingnan region (Nanling Mountains and areas to the south, especially the Pearl River valley), Southeast Asia and the Pacific Islands (Deng et al., 2019). No matter these plant resources were totally wild or partly cultivated, it is generally agreed that cereal agriculture was introduced into this region during the late Neolithic period and triggered a groundbreaking social change in local history.
Direct evidence of prehistoric agriculture has long been inadequate in the Lingnan region. The first discovery of such evidence was from the Shixia site in the mountain area, where rice grains and impressions were recovered in two phases, and the earliest one was believed to be no later than 5,000 cal. BP (Yang, 1978; Zhang et al., 2007; Yang et al., 2017). Other occasional discoveries have also been reported from Xinghuahe, Guye in Guangdong and Shaha in Hongkong (Lu et al., 2005; Xiang and Yao, 2006; Relics from the South, 2007). Overall, it is generally recognized that rice farming in this region began around 5,000 cal. BP. and facilitated the later development of local societies (Zhang and Hung, 2010), while a few scholars argue for an earlier emergence of rice agriculture during the Xiantouling culture period (ca. 7,000–6,000 cal. BP.) (Bellwood, 2005). However, all these remains have not been directly dated, and a later re-examination of rice remains from the Guye site reveals none of them was older than 300 years, which were obviously later intrusions (Yang et al., 2017). Therefore, without scientifically rigorous collection of plant remains and direct dating, the emergence of farming and the associated crop pattern in the south China coast is still vague and imprecise.
This condition has been slightly improved with new efforts in the past few years. 20 macroscopic plant remains have been recovered from 6 contexts of the Chaling site, in which 6 were rice grains and one was rice spikelet base. Two rice grains were directly dated to 4,526–4,417 cal. BP. and 4,429–4,248 cal. BP. respectively. Phytolith analysis also disclosed different morphotypes of rice phytoliths from the same site (Xia et al., 2019). Another study also provided phytolith evidence of rice consumption at Laoyuan and Chaling and one direct date of rice grain, which is 4,419–4,246 cal. BP. (Yang et al., 2018). Even so, these pieces of evidence are still too limited to answer this question.
The present study at Gancaoling, for the first time, provided solid evidence and renovated our knowledge on the earliest farming practice in the south China coast. A significant difference from previous understanding is that the earliest agriculture here was not pure rice farming but mixed rice and foxtail millet. The assemblages of macroscopic plant remains clearly demonstrated foxtail millet was cultivated along with rice by first farmers in this region, although rice was no doubt the major crop at that time (Figure 5). Furthermore, the presence of large quantities of rice spikelet bases suggested the existence of rice processing activities at the site. Further evidence of local cultivation and processing has also been provided by phytolith morphotypes from different parts of rice, like leaves, stems and grain husks (Figure 4). Combined with the systematic AMS radiocarbon dates, it could be confirmed that around 4,800–4,600 cal. BP. rice and foxtail millet had already been cultivated in the south China coast.
Another remarkable discovery from Gancaoling is the appearance of Canarium endocarp fragments. Previous research has revealed that Canarium was a vital food resource in Southern China and the contemporary Asia-Pacific region before the introduction of cereal crops. People used to crack the fruit stones and consume the kernels in these hunter-gathering sites (Deng et al., 2019). The new discovery from Gancaoling reminds us that the agriculturalization of Southern China was possibly not an abrupt substitution of exotic technologies for old traditions. On the contrary, traditional foodways quite possibly continued for some time after the introduction of agriculture. Thus, complicated interactions and competitions could be expected behind this process, especially when considering that fishing and hunting had long been the primary way of obtaining animal resources even until the Bronze age (Yu, 2018).
Along with the adoption of agriculture, systematic changes have also happened in other aspects of local society (Li and Zhang, 2021). As pointed out by many scholars, the introduction of farming practice in the south China coast was possibly accompanied by human migrations from the Yangtze valley. A noticeable change is that previous flexed-position burial traditions, which was prevalent in hunter-gathering communities of Southern China and other adjacent regions, had been replaced by extended burials (Hung, 2019). Analysis of skeletal remains, especially craniometrics, also suggests distinct physical characters from previous hunter-gathering populations, which should be caused by contributions of large scale immigrants (Matsumura et al., 2019). These speculations could further be supported by recent progress of ancient DNA studies in southern China, which also argued for a mixture of native hunter-gatherers and migrants from the Yangtze valley (Yang et al., 2020; Wang et al., 2021). The mixture model instead of the totally replacement model of population also agrees well with the continuity of traditional foodways like Canarium utilization.
With the development of farming, the size of local population also increased drastically after 6,000 cal. BP., as indicated by the number of archaeological sites. For instance, 265 sites of this period have been discovered in the regional survey of the Liuxi River valley, a tributary of the Pearl River, which is several times of the total number of archaeological sites dated to 7,000–5,000 cal. BP. in the whole Pearl River delta (Han and Xu, 2017). These sites were usually around 5,000 m2 or smaller, while some regional centres like Shixia and Yanshanzhai emerged in this period, covering 30,000–50,000 m2 (Guangdong Provincial Institute of Archaeology and Museology et al., 2014). Social differentiations were not only embodied in the divergence among different settlements but also within these communities. Large tombs with rich funerary objects have been found in these regional centres and normal settlements like Gancaoling (Guangdong Provincial Institute of Archaeology and Museology et al., 2014; Li and Zhang, 2021). Meanwhile, jade artefacts such as Cong and Yue of the Liangzhu style had been incorporated into local belief and ritual systems and used as an expression of social status by elites (Tang et al., 2019; Li and Zhang, 2021).
Overall, the adoption of farming is part of a more comprehensive social change in the south China coast around 5,000 cal. BP., which opened a new era for the development of local societies. It was also in this period, the technology of pottery making developed rapidly and led to the invention of stamped hard pottery (Li, 2013). Thereafter, this region, together with Fujian and Jiangxi, became the innovation centre of ceramic technologies and played a new role in the interregional interactions of ancient China.
The Role of South China Coast in the Southward Dispersal of Agriculture
With advances in archaeobotanical research in the past decades, it is becoming more and more apparent that interactions between the two agriculture origin centres in China happened around 7,500 cal. BP., much earlier than expected before (Zhang et al., 2012; Bestel et al., 2018; Wang et al., 2018; Luo et al., 2019). At least around 6,000 cal. BP., foxtail millet had spread into the Yangtze River valley, as indicated by discoveries from the Chengtoushan site (Nasu et al., 2007; Nasu et al., 2012). Plant remains from other parts of Southern China like Jiangxi, Fujian and Taiwan also demonstrated millets were cultivated in small scale along with rice in the late Neolithic period, and the universality of millet cultivation in Southern China has been grossly underestimated before (Tsang et al., 2017; Deng et al., 2018; Ge et al., 2019; Deng et al., 2020; Dai et al., 2021). Therefore, it has been further speculated that millets were accepted by all agricultural regions of southern China in the late Neolithic period, except for the plain areas of the lower Yangtze valley (Deng et al., 2018). Whereas, direct evidence is still absent in many related regions, one of which is the south China coast. Thus, the discovery from Gancaoling again adds new evidence to this hypothesis and shed new light on the reconstruction of the southward dispersal of agriculture.
According to comparisons of pottery styles and other material remains from the south China coast and surrounding regions, external communications of this region show clear periodic features. Around 7,000–6,000 cal. BP., the most representative archaeological culture in this region is the Xiantouling culture, sites with associated remains of which are concentrated in the Pearl River delta (Yang et al., 2015). Material remains from this culture group are famous for their finely made potteries, most of which are with painted or punctated decorations (Shenzhen Municipal Institute of Archaeology and Museology, 2013). These remains resembled in features of potteries prevalent in contemporary archaeological cultures of Hunan province, like Gaomiao, Tangjiagang and Daxi (He, 1994). As a result, it is generally agreed that the main channel of external communication between the south China coast and the northerly regions was through the northwest route with Hunan. Another noticeable point is that although rice agriculture had well developed in Hunan province no later than 8,500 cal. BP., farming had not been introduced southward in this period (Zhang and Pei, 1997). Similar conditions could also be observed in the textile materials. Unlike the spinning technologies in Hunan province and other parts of Yangtze valley as indicated by the common use of spindle whorls, ancient residents in the south China coast still used barkcloth instead (Tang, 2003).
After 6,000 cal. BP., the influence from Hunan declined dramatically, while interregional connection through the southeast channel got its start. Comparison of pottery assemblages and morphological features reveals a strong impact of the Fanchengdui culture in Jiangxi province on the Shixia culture and contemporary communities in the coastal region (Li et al., 1989; He, 2010; Li, 2019). Under this background, the introduction of farming was accomplished as an integral part of interregional communications. Therefore, it could be determined that the southward dispersal of rice and foxtail millet was through the mountain areas between Jiangxi and Guandong, just as proposed before (Deng et al., 2018; Deng et al., 2020). However, different from the previous interactions during the Xiantouling period, this transformation seemed more radical and affected all sides of local society. No wonder it is speculated that there were large amounts of immigrants as stated above (Matsumura et al., 2019).
The south China coast is not only a receiver of farming technologies, but also an exporter in a vaster regional configuration. As an integral part of the coastal regions facing Southeast Asia and the Pacific islands, this region has been proposed as one of the possible homeland areas of Austronesian people and agriculture in Island Southeast Asia (Bellwood, 2005; Tsang, 2005). Unfortunately, little evidence has been obtained to support this speculation, while an alternative route from the southeast China coast via Taiwan into northern Luzon is preferred (Bellwood and Dizon, 2008; Hung, 2008). Nevertheless, the possible contribution of the south China coast to the agriculturalization of Mainland Southeast Asia need more attentions. In a regular reconstruction of farming dispersal into Mainland Southeast Asia, a terrestrial route from Yunnan and Guangxi has been mentioned frequently (Higham, 1996; Higham, 2002; Deng et al., 2018). However, the existence of farming practice prior to 4,000 cal. BP. in the south part of Yunnan and Guangxi remains questionable, and so is this proposed route. By contrast, in the coastal region of Vietnam and Thailand, some discoveries of rice and/or millets dated back to 4,500–4,000 cal. BP. have been reported, such as An Son, Loc Giang and Non Pa Wai, indicating a possible maritime route for the southward dispersal of agriculture into this region (Weber et al., 2010; Barron et al., 2017). Given the fact that agriculture emergence in Guangxi happened in the Bronze Age and the co-occurrence of rice and foxtail millet in the Pearl River delta (Deng et al., 2019), the nearest start point of this route should be in the south part of Guangdong province, and thus supporting the significance of this region in the southward dispersal of agriculture (Figure 6).
[image: Figure 6]FIGURE 6 | The main southward dispersal routes of agriculture from Yangtze valley into southern China and Southeast Asia.
CONCLUSION
With systematic archaeobotanical evidence and direct AMS radiocarbon dating, this study demonstrated that agriculture in the south China coast emerged around 4,800–4,600 cal. BP. Different from the previous assumption of pure rice farming, first farmers in this region cultivated rice together with a small portion of foxtail millet as suggested by plant assemblages from Gancaoling. In addition, with the introduction of agriculture, the former hunter-gathering tradition, such as the utilization of Canarium nut, had been maintained for a while, and this transformation possibly happened in a relatively gradual and moderate way, especially when considering the long-lasting utilization of wild mammals, fish and shellfish. Even though, it still needs to be noticed that thorough social change had happened around 5,000 cal. BP. in this region, as reflected in many aspects of local society, like settlement pattern and differentiation, burial practice, ritual and belief system, and quite possibly large amounts of immigrants input.
The new results also provide new evidence supporting the universality of mixed farming in the late Neolithic period of southern China. An interregional comparison reveals this region was not only a receiver of farming technologies but also possibly a junction point on the southward dispersal of agriculture. A package of rice and millets was introduced into this region from Jiangxi Province via the mountain areas and further dispersed into Mainland Southeast Asia along a maritime route. Whereas, to confirm this hypothesis, more targeted work is still needed in the coastal regions of Mainland Southeast, especially Vietnam.
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In undertaking a functional study of ceramic Li tripods, a common archaeological artifact in Northeast China during the Bronze Age, this study provides a crucial insight into both the function of these ceramics, plant resource strategies and human diets during this period. The precise function of the Li tripod has to date been controversial due to a lack of direct contextual evidence. Hence, this paper presents analyses of 10 Li tripods from six sites in the Chifeng area of Northeast China, all of which can be dated from their excavation contexts to the Lower Xiajiadian cultural period (3,900–3,400 cal a B.P.). The interior and exterior surfaces of the tripods were analyzed using starch grain analysis, phytolith analysis and microfossil charcoal analysis. A total of 133 starch grains were recovered, of which 111 (83.46%) were found on 80% of the interior surfaces examined. Further analysis found that these starch grains had damage features specifically gelatinised characteristics, which were consistent with the starch grains that had been boiled in our cooking simulations. In addition, there were obvious soot traces on the surfaces of the tripods, 2,835 microfossil charcoal grains not completely burned were identified, and 70% of the exterior surface samples had a higher frequency of contact with fire. These findings serve to confirm that Li tripods were used in the cooking of food. Of the 133 starch grains found, only 62 could be identified to species level. These were foxtail millet (Setaria italica) and broomcorn millet (Panicum milliaceum) and plants from Triticeae taxa, as well as roots and tubers. The 3,424 phytoliths recovered from the 10 tripods were found to belong to the Panicoideae and Pooideae genera, of which the husks from foxtail and broomcorn millets from the Panicoideae genus accounted for 6.19% of the total. These results indicate that millets, the Triticeae, roots, and tubers, in addition to plants from Panicoideae and Pooideae genera, were utilized in the Chifeng area of Northeast China during the Bronze Age. This study deepens our understanding of the local subsistence patterns and the social context of early Bronze age civilization in the region.
Keywords: chifeng area, lower xiajiadian culture, early bronze-age civilization, Li tripod function, plant resource use, starch grain, phytolith, microfossil charcoal
INTRODUCTION
The West Liao River Basin in Northeast China occupies an important role as the birthplace of the Chinese civilization, and it has been the home of several archaeological cultures since the Neolithic Age, including the Xiaohexi, Xinglongwa, Zhaobaogou, Hongshan, and Lower Xiajiadian cultures (Su and Yin, 1981; Xu et al., 2013; Jia et al., 2017a). Among them, the Lower Xiajiadian culture is represented by the Xiajiadian sites in Chifeng city, which ushered in the Bronze Age and spanned the Erlitou culture to the early Shang Dynasty (ca. 3,900–3,400 cal. B.P.) (Zhang et al., 1987; Li, 1990; Wang et al., 1993). The Lower Xiajiadian culture was widely distributed in Chifeng, and 1,321 Lower Xiajiadian culture sites have been discovered in the Aohan Banner alone (Han, 2010). The archaeological sites of this culture surpass those of any other period in terms of their quantity and density, and the stratum associated with the culture is thick and contains widespread ancient urban settlements (Li and Gao, 1984).
Compared with the cylindrical pottery found in Chifeng during the thousands of years between the Xiaohexi culture and the Xiaoheyan culture in the Neolithic Age, the Lower Xiajiadian culture is mainly characterized by ceramic pottery vessels with three feet that are referred to as Li tripods. It has long been acknowledged that Li tripods were used for cooking (Liu, 1989; The Palace Museum, 2014). In recent years, ancient books and records, archaeological typology, and residue analyses have provided important clues about the functions of Li tripods. For instance, according to a typological study of Li tripods in the Yellow River Basin of the Longshan Period, it is believed that the tripod-shaped containers developed in response to practical cooking requirements (Gao, 1996). Moreover, an analysis of the starch grains from the Li tripods of the Bronze Age unearthed at the Dongzhao site in Zhengzhou, Henan province indicates that they were used for cooking rice (Oryza sativa) and other crops (Sun, 2018). Although large numbers of Li tripods from the Lower Xiajiadian cultural period have been unearthed in Chifeng, studies on their functions are still limited. Most studies focus on determining their cultural period and origins (Lin, 1995; Zhao, 2005), e.g., the development of Li tripods in Chifeng is believed to have integrated the Hongshan culture and the Erlitou culture (Liaoning Provincial Museum et al., 1983; Li and Gao, 1984).
In terms of the functions of Li tripods, the carbonized hulled broomcorn millet (Panicum milliaceum) found in a Li tripod unearthed at the Sifendi Dongshanzui sites in Chifeng suggests that they were likely used for cooking. However, this does not exclude the possibility that they were used as storage vessels. Therefore, more direct evidence is required to clarify the functions of these tripods. In this respect, plant microremains (including starch grains and phytoliths) can be analyzed to study the functions of pottery (Yang et al., 2014) and accurately identify crop types (Yang et al., 2006), as they are preserved for extensive periods (Torrence and Barton, 2006) and in large quantities (Wang and Lu, 1993). For instance, identifying the phytolith of foxtail millet (Setaria italica) and broomcorn millet has provided detailed information about the crop species used (Lu et al., 2009a). In addition, it is possible that starch grains and phytoliths produced by different plant organs remain within artifacts that were used to process husked seeds, roots, and tubers, even when residual phytoliths were lacking (Wu et al., 2011). In recent years, microscopic analyses conducted to identify residues on the surface of pottery and determine the morphology and species of plants used have provided direct evidence that can be used to understand the functions of such artifacts, the ingredients used, and how plant resources were utilized (Yang et al., 2014; Wang et al., 2017). Moreover, scholars have also studied the history of the human use of fire and have reconstructed ancient vegetation using the microfossil charcoal method (Patterson et al., 1987; Innes and Simmons, 2000; Li et al., 2010). Furthermore, the surface of most cooking utensils has traces of soot left from burning. As a charcoal residue produced by incomplete combustion of plant tissue, soot provides a reference or indication of the cooking function of Li tripods.
To broaden our knowledge of the subsistence strategies and social landscape of people in the early Bronze Age, starch grain, phytolith and microfossil charcoal residues were extracted from the surfaces of Li tripods of the Lower Xiajiadian cultural period unearthed in Chifeng, Northeast China. These residues were then analyzed with the intention of better understanding the functions of Li tripods and how the ancient people of Lower Xiajiadian culture used edible plant resources.
MATERIALS AND METHODS
Sample Collection
To analyze plant microremains, samples were collected from the feet of 10 Li tripods (Figure 1A) that had been previously unearthed from six sites in Chifeng, Northeast China: Mount Aobao Beiliang, Hadagou Nanliang, Fangshen Xiliang, Tuanjie Yingzi Mount Tuzi, Dujiadi, and Gaojia Wazi. The 10 samples were similar in shape, and residues and soot on the surface were visible to the naked eye (Figure 1B). All samples were from the Lower Xiajiadian cultural period, and they have been preserved at the Wengniute Museum.
[image: Figure 1]FIGURE 1 | Site locations from which artifacts were obtained and the samples subsequently analyzed. (A) Location of study region and archaeological sites: (a), Mount Aobao Beiliang site; (b), Hadagou Nanliang site; (c), Fangshen Xiliang site; (d), Tuanjie Yingzi Mount Tuzi site; (e), Dujiadi site; (f), Gaojia Wazi site. The sketch is of a basin-shaped Li Tripod, which is typical of an Li Tripod from the Lower Xiajiadian cultural period (Lin, 1995). (B) Tripod foot samples from the Lower Xiajiadian cultural period unearthed from Chifeng, Northeast China at the following sites: (1, 2), Mount Aobao Beiliang site; (3, 4), Hadagou Nanliang site; (5, 6), Fangshen Xiliang site; (7, 8), Tuanjie Yingzi Mount Tuzi site; (9) Dujiadi site, Specimen no. 150426-0230; (10) Gaojia Wazi site, Specimen no. 15046-0231. (I indicates the interior surface of Li tripods, E indicates the exterior surface of Li tripods, and the arrow indicates the sampling location of the residues. Scale bar: 5 cm).
The extraction of residues on the pottery surfaces was undertaken according to the protocols of Yang et al. (2014) and Liu et al. (2014). Twenty samples were analyzed. As the selected samples had been preserved at the Wengniute Museum, the surface was cleaned prior to sampling, that is, both the interior and exterior were rinsed with ultrapure water. To dislodge adhering sediment and starch, the interior surface and exterior surface of each tripod foot were separately shaken in an ultrasonic bath for 10 min, and liquid samples were obtained. To prevent cross-contaminating the samples during sampling process and the experiment, all knives, pipettes, centrifuge tubes, and powder-free gloves used were disposable and none contained starch.
In addition, although previous researchers have taken many images of starch grains from plants commonly used by ancient people, only a few studies have focused on starch grains damaged during processing. Therefore, we collected modern specimens of common Chinese crops (foxtail millet, broomcorn millet, and common wheat), Leguminosae, Liliaceae, and Fagaceae, and conducted processing simulation experiments. These samples were obtained via field acquisition and market purchase.
Starch and Phytolith Extraction
The plant microremains in the residues on the surfaces of tripod foot samples were extracted following steps previously reported (Lu et al., 2009b; Yang et al., 2012a; Yang et al., 2012b). Briefly, 6% H2O2 was added to the liquid samples of surface residue to break down some of the larger charred particles via oxidation and to release any starch grains potentially trapped within the particles or adhering to them. HCl (10%) was then added to remove calcium impurities. Then, the heavy liquid part of 1.8 g/cm3 CsCl was added, mixed carefully, and centrifuged for 5 min at 2,500 rpm in order to extract the starch grains. The supernatant containing starch granules was then decanted into a fresh tube. Phytoliths were extracted from sediments remaining following starch grain extraction. For the second float, 2.35 g/cm3 ZnBr2 heavy liquid was added, mixed thoroughly, and centrifuged, and the supernatant containing the phytoliths was decanted into a fresh tube. Starch granule slides were prepared by mounting the recovered residue onto a slide in a solution of 25% glycerin and 75% ultrapure water. The slide was then sealed with neutral gum. Phytolith slides were prepared by mounting the recovered residue in neutral resin and then fixing it with a cover glass.
Analysis of Microfossil Charcoal
We detected microfossil charcoal together with the phytoliths and starch grains in the residue on the surface of the Li tripod feet. Next, we counted the total number of microfossil charcoal grains contained in the slides of the starch grains and phytoliths. Subsequently, following the conventions of microfossil charcoal analysis (Wang Z. S. et al., 2020), we randomly extracted 50 grains for each sample. Then we measured the length and width of the microfossil charcoal particles to calculate the length to width ratio (hereinafter referred to as the L/M ratio) for the identification of plant species. Ideally, 50 random grains were measured for the interior and exterior surfaces of each tripod foot sample, starting from the first grain identified. However, if less than 50 grains were identified, all of the grains were measured. Ultimately, we obtained a total of 772 sets of measurement data to determine the L/M ratio range and average L/M ratio for statistical analysis.
Grinding and Cooking Simulation Experiments
The seeds of modern foxtail millet, broomcorn millet, common wheat (Triticum aestivum), and lily (Lilium Brownii) bulbs were selected as samples. They were cleaned and dried after we confirmed that no traces of other species were present. To observe the influence of grinding on starch grains, 0.5 g of each sample was placed into a mortar and ground for 2–5 min, thus obtaining four samples for the grinding simulation experiment. The ground samples were then added to a centrifuge tube with 5 ml of ultrapure water and placed in a low-temperature environment for 1 h. To observe the effect of cooking on the starch grains, 0.5 g of each sample was added to a centrifuge tube with 5 ml of ultrapure water for 5–30 min of cooking in a water bath. The timer was started when the water began to boil, and with intervals of 5 min, 24 samples (six groups) were obtained for the cooking simulation experiment. The appropriate amount of starch suspension generated during the grinding and cooking simulation experiment was extracted with a disposable pipette, and a few drops of it were then added to a glass slide before 25% glycerin was added, and the slide was then sealed with neutral gum.
The prepared slides of starch grains and phytoliths were dried at ≤40°C for 48 h. The samples were then observed, identified, photographed, and counted using a Leica DM 750 microscope at ×400 magnification. The analyses were completed at the Environmental Archaeology Laboratory of Northwest University. The identification and classification of starch grains were mainly conducted by referring to the accumulated modern starch grain database of the laboratory and relevant study results (Yang et al., 2010; Wan et al., 2012; Yang andPerry, 2013; Ma et al., 2014). To identify and describe phytoliths and microfossil charcoal, they were compared with published pictures and materials (Wang and Lu, 1993; Lu and Liu, 2003; Piperno, 2006; Zhang and Lu, 2006; Lu et al., 2009a). All starch grains, phytoliths and microfossil charcoal on glass slides were evaluated and C2 v1.7.3 (Juggins, 2003) software was used to process data and obtain the percentage contents of phytoliths.
RESULTS
Starch Grains From Residues on the Surfaces of Li Tripod Foot Samples
Starch grains were identified from the interior surfaces of all 10 tripod foot samples. Starch grains were identified in only three samples from the exterior surfaces of the tripod feet. A total of 133 starch grains were extracted from the residues found on the interior and exterior surfaces of the tripod feet. Of these, 71 starch grains were seriously damaged and identification was not possible, these were classified as Type IV. The remaining identifiable 62 starch grains were classified into Types I–III based on their shapes and grain sizes. Of the 62 identifiable starch grains, 40 showed slight damage (Table 1). There were 111 damaged starch grains in total, accounting for 83.46% of all extracted starch grains. The definitions of grain types and associated findings are as follows.
TABLE 1 | Data of starch grains obtained from the surface residues of Li tripods of the Lower Xiajiadian cultural period unearthed from the Chifeng area, Northeast China (n).
[image: Table 1]Type I starch grains (n = 43) were polyhedron-shaped with centric hila and linear, transverse, star, or Y-shaped fissures through the hila of most grains. Extinction crosses were mostly “+“-shaped with straight arms (Figures 2A–D′). The maximum lengths ranged from 9.8 to 20.1 μm, with a mean length of 14.8 ± 2.7 μm. The extinction crosses of 25 starch grains were unclear in polarized light (Figures 2E–F′) and there were cracks on the surfaces of four grains (Figures 2E,F). According to the identification criteria established by Yang et al. (2010), which are based on data analysis of starch grain shapes of Chinese northern modern foxtail and broomcorn millets, and other close wild species, Type I grains were considered to belong to millet, because the surfaces were smooth and the grain sizes were larger than average. The results thus suggest that the starch grains were most likely from foxtail and broomcorn millet crops.
[image: Figure 2]FIGURE 2 | Starch grains extracted from the surface residues of Li tripods of the Lower Xiajiadian cultural period unearthed from Chifeng, Northeast China, and starch grain specimens from simulation experiment. (A–D′) Type I intact starch grains and (E–F′) Type I damaged starch grains. (G) Polar view of type II starch grains, (H) lateral view of type II starch grains, and (I–J′) Type II damaged starch grains. (K,K′) Type III starch grains. (L–O′) Type IV starch grains. (P,P′) Thermally damaged lily starch grains after 5 min of heating. (Q–S′) Modern foxtail millet starch damaged by heating: (Q,Q′) heated for 5 min, (R,R′) heated for 15 min, and (S, S′) heated for 30 min (T–V′) Modern broomcorn millet starch damaged by heating: (T,T′) heated for 5 min, (U,U′) heated for 15 min, and (V,V′) heated for 30 min (W–Y′) Common wheat starch damaged by heating: (W,W′) heated for 5 min, (X,X′) heated for 15 min, and (Y–Z′) heated for 30 min (AB,AB’) Common wheat starch damaged by grinding; (AA,AA′) modern foxtail millet starch damaged by grinding; and (AC,AC′) lily starch damaged by grinding. (A,A′–F, F'; I,I′–AC,AC′) Each group of photos was taken separately under bright field (left) and cross-polarized light (right). (Arrows indicate the damage characteristics of starch grains, Scale bar: 10 μm)
Type II starch grains (n = 17) were characterized by biconvex shapes and a centric hilum. The starch grains were olivary and possessed a longitudinal dent when rotated (Figures 2G,H). The extinction crosses of two starch grains were X-shaped in polarized light, and those of the remaining 15 starch grains partially disappeared in polarized light (Figures 2I–J′). The grain lengths ranged from 12.9—35.9 μm with a mean of 23.1 ± 4.6 μm. According to the identification criteria established by Piperno et al. (2004) and Yang and Perry (2013) based on the study of such starch grains, it was determined that Type II starch grains were from the tribe Triticeae.
Type III starch grains (n = 2) were oval with an extremely eccentric hilum. There were no cracks, and the arms of extinction crosses were slightly bent (Figures 2K,K′).The grain lengths were 19.53 and 30.31 μm, respectively. In modern specimen banks, the grain sizes of roots and tubers are relatively large, and the hilum is skewed to one end (Wan et al., 2011). Therefore, it was determined that Type III starch grains originated from roots and tubers.
Finally, the extinction characteristics of Type IV starch grains (n = 71) were not visible. The surfaces of most were unclear, in an aggregated state, overlaid, and lacked an independent outline (Figures 2N–O′). The central parts of some of the starch grains were sunken or hollow, but the basic outline was identifiable (Figures 2L–M′). They were classified as Type IV because the species could not be identified.
Starch Grains Obtained From Grinding and Cooking Simulation Experiments
The results of the grinding simulation experiments of modern foxtail and broomcorn millet, common wheat, and lily starch grains are consistent with that of our previous study (Ma et al., 2019). The observational and statistical results identify the following. 1) Grinding caused physical and mechanical damage to some starch grains, resulting in morphological alterations. The main manifestations were that the relatively smooth surface of the starch grains became coarse, the edges became cracked and broken, and/or the central areas on the extinction crosses became dark (Figures 2AA–AC′). 2) The grinding strength was positively correlated with the content of the damaged starch grains. 3) After grinding, the extinction crosses of the starch grains were distorted, but the position of the hilum remained unchanged.
The results of starch grains from the cooking simulation experiments are consistent with that of previous studies (Ge et al., 2010; Hong et al., 2013; Lu et al., 2014; Chen et al., 2021). The crystal structure of the starch grains was thermally damaged and their central parts became sunken. The starch molecules gradually became transparent as they expanded and became deformed. As the heating duration increased, the number of small visible grains declined and the number of large grains increased. The average size of the foxtail millet starch grains increased to 15.18, 20.57, and 27.85 μm after being heated for 5, 15, and 30 min, respectively (Figures 2Q–S′). This indicates that the grain size of foxtail millet doubled throughout the cooking procedure and became similar to that of broomcorn millet (Figures 2T–V′). The starch grain size of common wheat increased to 21.14 and 41.20 μm after being heated for 5 and 30 min, respectively (Figures 2W–Y′). The starch grain size of lily increased to 40.88 μm after being heated for 5 min, which is close to its size after being heated for 30 min (48.87 μm; Figures 2P,P′).
There was a positive correlation between heating duration, moisture content, and gelatinization of the starch grains. Observations of the seed samples showed that the starch grains became transparent and the extinction crosses were unclear after heating for 5 min (Figures 2Q,Q′,T,T′,W,W′). After heating for 15 min, the starch grains were in an aggregated state with increased transparency, and although the extinction crosses had completely disappeared, their basic outlines were maintained (Figures 2R,R′,U,U′,X,X′). After heating for 30 min, the independent outline was lost, the starch grains were almost completely transparent, and the extinction characteristics disappeared (Figures 2S,S′,V,V′,Y,Y′). Lily starch granules were seriously damaged and their identification characteristics were lost after being heated for 5 min (Figures 2P,P′). Finally, grinding damage and cracks were observed in some of the starch grains (Figures 2Z,Z′).
Results of Phytolith Analysis
A total of 3,424 phytoliths were extracted from the study samples, of which 107 were damaged and could not be identified. Figure 3 shows the main phytolith shapes, which include 17 types. There were 692 pointed phytoliths, and they had the highest total phytolith content of 20.21% (Figure 3O), followed by smooth elongates (15.13%; Figure 3M), sinuate elongates (12.44%; Figure 3N), bilobates (11.33%; Figure 3I), rondel-shaped phytoliths (10.86%; Figure 3G), square phytoliths (8.82%; Figure 3P), epidermal cells (3.45%; Figures 3S,T), trapezoid phytoliths (1.31%; Figure 3H), fan-shaped phytoliths (0.50%; Figure 3Q), cross-shaped phytoliths (0.18%; Figure 3L), cylindrical polylobate phytoliths (0.09%; Figure 3K), silicified stomata (0.09%; Figure 3R), and dumbbell-shaped phytoliths arranged vertically (0.06%; Figure 3J). In addition, η-type phytoliths from the husks of broomcorn millet (5.46%; Figures 3B), O-type phytoliths from the husks of foxtail millet (0.73%; Figure 3A), and phytoliths from the husks of the family Poaceae (6.22%; Figures 3C–F) were extracted from the study samples.
[image: Figure 3]FIGURE 3 | Phytoliths extracted from the surface residues of Li tripods from the Lower Xiajiadian cultural period unearthed in Chifeng, Northeast China. (A) Ω type phytoliths extracted from the husks of foxtail millet, (B) η type phytoliths extracted from husks of broomcorn mille. (C–F) Grain shells of the family Poaceae: (C) Phytoliths that are most likely from the husks of Pooideae; (D–F) Phytoliths that are most likely from the husks of Panicoideae. (G) Rondel, (H) Trapezoid, (I) Bilobate, (J) Dumbbell-shaped phytolith arranged vertically, (K) Cylindrical polylobate, (L) Cross, (M) Smooth-elongate, (N) Sinuate-elongate, (O) Pointed, (P) Square, (Q) Fan, (R) Silicified stomata, and (S,T) Epidermal cells. (Scale bar: 10 μm).
(I indicates the interior surface of Li tripods, E indicates the exterior surface of Li tripods).
Results of Microfossil Charcoal Analysis
Microfossil charcoal grains were identified on both the interior and exterior surfaces of the 10 Li tripod foot samples, and a total of 2,835 grains were detected (Table 2).
TABLE 2 | Quantitative statistics and measurement data of microfossil charcoal.
[image: Table 2]Microfossil charcoal analysis revealed three main microfossil charcoal shapes: the strip shape, square shape, and approximately circular shape (Figure 4. The longitudinal edge and transverse fracture of the strip-shaped charcoal fossils were relatively straight, with many pore structures (Figures 4A–C). The square and approximately circular shaped charcoal fossils were relatively dense, with few pores, and the edges were irregular (Figures 4D–F). The length of the microfossil charcoal ranged from 5.49 to 148.59 μm, with an average length of 22.26 μm. The L/M ratio ranged from 1 to 5.79 μm, with an average of 1.89 μm (Table 2).
[image: Figure 4]FIGURE 4 | Morphology of microfossil charcoal. (A–C) Possible microfossil charcoal from grasses, (D–F) Possible charcoal from woody plants. (Scale bar: 10 μm).
According to criteria for the identification of plant species, based on morphological characteristics and the L/M ratio proposed by Zhang and Lu (2006), strip-shaped microfossil charcoal may originate from grasses, while square-shaped or approximately circular specimens may derive from woody plants. After oscillation and centrifugation in the laboratory, the average L/M ratios of microfossil charcoal for grasses and woody plants were 3.90 ± 0.1 μm and 1.8 ± 0.1 μm, respectively. For the microfossil charcoal residue on the surface of the tripod feet, the average L/M ratio was similar to that of microfossil charcoal from woody plants. In the 772 sets of measured data, only 16 microfossil charcoal grains had a length-width ratio greater than 3.90 μm, which accounted for 2.07% of the total measured grains.
DISCUSSION
The tripod foot samples had been preserved in a museum, and the chance of contamination from deposits in the surrounding environment would have been equal for all the tripod surfaces. We therefore extracted samples from both the interior and exterior surfaces of each tripod foot and compared the quantities and assemblages of starch grains and phytoliths separately to determine the possibility of contamination from surrounding deposits. Table 1 and Figure 5 show the absolute quantity and appearance frequency of starch grains (n = 130; 100%) and phytoliths (n = 2,388; 100%) that were extracted from the interior surfaces of Li tripod foot samples. It is evident that the amounts are considerably greater than those collected from the exterior surfaces (only three starch grains and 1,036 phytoliths were collected). The discrepancies between the numbers thus suggests that most of the starch grains and phytoliths collected from the tripod feet were directly related to the use and behavior of people from the ancient culture.
[image: Figure 5]FIGURE 5 | Changes in percentages of phytolith types extracted from the surface residues of Li tripods from the Lower Xiajiadian cultural period unearthed in Chifeng, Northeast China.
Functions of Li Tripods
A total of 111 damaged starch grains were identified in the residues on the surfaces of the 10 tripod foot samples (Table 1). They accounted for 83.46% of the total grains, and they appeared on 80% of the interior surfaces. This result suggests that the starch grains were damaged during processing. To explore processing methods and obtain specimen images for comparison with ancient, damaged starch grains, we referred to previous research (Crowther, 2012; Ge et al., 2020; Chen et al., 2021). Ancient food processing methods are classified into two major types: dry cooking (e.g., roasting and baking) and wet cooking (e.g., boiling). Comparative studies indicate that when the dry cooking method was adopted, the extinction cross characteristic of starch granules may have been lost, but that the limited amount of water absorption involved may have restricted their morphological deformation (Bradbury and Holloway, 1988; Babot, 2003; Chandler-Ezell et al., 2006). In extreme circumstances, since no water is involved, starch granules can be heated to 200°C without any measurable change occurring (Wang et al., 1991; Jang and Pyun, 1996). The form of the starch grains found in the residues left on the interior surfaces of the tripod feet examined in our study is closer to that of the contemporary starch grain samples used in our cooking simulation experiment. These results indicate that the starch grains in the residues on the surfaces of the tripod feet were mainly subjected to thermal (boiling) damage (n = 111) and mechanical (grinding) damage (n = 4).
The degree and rate of starch gelatinization mainly depend on the moisture and temperature (Crowther, 2012). On one hand, when the starch moisture content falls below 60%, heating under normal pressure may fail to cause total gelatinization (Wang et al., 1991). Additionally, the water content of different plant storage organs varies considerably. For example, the water content in fresh roots and tubers (approximately 70–80%) is far higher than that of cereals (approximately 20–30%) (Hoover, 2001; Crowther, 2012). If cooked under the same conditions, the gelatinization speed of roots and tubers is considerably faster than that of cereals, so it is less likely that starch granules in roots and tubers survive and recover (Crowther, 2012). On the other hand, the temperature range from the start of gelatinization to its conclusion is usually 5–20°C. Thus, the extinction cross characteristic of starch granules that are not completely gelatinized within this interval may be retained (Lu et al., 2014). These findings indicate that even when the cooking mode is the same, the survival, recovery and recognition probability of starch granules from different plants or the same plant vary.
Starch grains with mild gelatinization (Figures 2E–F′,I–J′) were from foxtail millet, broomcorn millet, and the tribe Triticeae, but it was not possible to identify grains that underwent extreme gelatinization (Figures 2L–O′). The shapes and sizes of grains were compared with those from the surface of the tripod, and it was found that those from the tripod feet were closer to the those of the foxtail and broomcorn millets from the cooking simulation specimens (Figures 2Q,Q′,S,S′,T,T′,V,V′). In addition, a handful of starch grains were subjected to mechanical damage (Figure 2Z) during the cooking simulation experiments, even though grinding was not used, and the mechanical force applied was mainly that of stirring. It was thus inferred that the four damaged starch grains (Figures 2E,F) with cracks that were obtained from the residues on the surface of the tripod feet were likely subjected to stirring and squeezing during cooking, or they were from grains that broke during hulling. The identification of gelatinized starch grains in the residues on the surfaces of tripod feet further proves that at least one of the Li tripod functions was cooking plant-based food. It also demonstrates that the starch grains extracted from the experiments were mainly associated with processed cooked food rather than surrounding contamination.
According to previous research (Zhang, 2015) and relevant practical knowledge, if a Li tripod was used as a cooking vessel, there should be traces of incomplete burning of firewood on its surface as a result of cooking, such as common soot or charcoal residue. An analysis of the microfossil charcoal found on both the interior and exterior surfaces of 10 Li tripod foot samples identified different numbers of each. In seven of the samples, the grains detected on the exterior surfaces were far higher than on the interior surfaces (Table 2), indicating that the exterior surfaces had a higher frequency of contact with fire. As for the other three samples, the reasons why the microfossil charcoal grains on the interior surfaces were more numerous than on the exterior surfaces is not clear. However, microfossil charcoal remains were found on the interior surfaces of all the samples, and the corresponding species were likely to include woody plants and grasses. Possible reasons for this phenomenon are as follows. 1. Mostly, a Li tripod without cover was placed on the fire directly for boiling, and the charcoal grains produced by fuel during cooking were very likely to fall into the Li tripod by air. 2, Due to the limited tools available to ancient people for cleaning the tripods, charcoal grains on the outer surface of some Li tripods might have become attached to cleaning tools and thus transferred to the inner surface. The Li tripod foot was likely not easy to clean for space narrowness, and thus, the charcoal grains likely precipitated and became stuck. The analysis results of microfossil charcoal are consistent with the finding that many starch grains were damaged by boiling, as mentioned above. The residue of incompletely burnt charcoal on the surfaces of Li tripods provides further evidence of their cooking function. However, the identification of microfossil charcoal plant species in this study was limited to exploratory experiments, and thus more fundamental experimental studies are required.
In summary, we believe that the Li tripods from the Lower Xiajiadian cultural period unearthed in Chifeng were likely used for cooking foxtail and broomcorn millets as well as plants from the tribe Triticeae. Thus, the food processing methods used by this ancient culture at such sites are revealed. The plant microremains obtained support the use of Li tripods as an important food processing tool during the Lower Xiajiadian cultural period, and it appears likely that they were typically used as cooking utensils.
Plant Resources Revealed by Ancient Plant Microremains
The results suggest that Li tripods of the Lower Xiajiadian cultural period unearthed in Chifeng were used as cooking utensils. The plant microremains on their surfaces signify the food that people used in their recipes. Starch grains of foxtail millet, broomcorn millet, and the tribe Triticeae; roots, and tubers, and phytoliths from the grain husks of foxtail millet and broomcorn millet; and one piece of phytolith that was probably from the husks of Pooideae (Figure 3C) were identified in the surface residues of 10 tripod foot samples. The tribe Triticeae belongs to the Pooideae of the Poaceae subfamily. Furthermore, the phytoliths also included bilobate and cross-shaped phytoliths from the leaves of Panicoideae, trapezoid and rondel-shaped phytoliths from Pooideae leaves, and elongate phytoliths and fan-shaped phytoliths from the family Poaceae (Ge, 2016). Therefore, the analytical results of the starch grains and phytoliths are relatively consistent.
The phytoliths from the husks of foxtail and broomcorn millets and those from the husks of Pooideae were mainly extracted from the interior surfaces of the Li tripods; hence, these crop husks (6.07% of the total) and the phytoliths of the stems and leaves of the Poaceae are quite likely to represent the limited grain processing techniques of the period. The stems, leaves, and husks of foxtail and broomcorn millets and other grains required separation prior to grinding and cooking (Wang Q. et al., 2020). A previous study simulated the processing methods in prehistoric society using modern grain processing tools. The results indicate that using mortars, pestles, slabs, and mullers as dehusking and grinding tools could not fully hull the grains: the highest dehusking rates achieved in the experiments were 99 and 97.9%. Meanwhile, the husked grains were not 100% intact (Wang et al., 2013). In addition, the apparent soot on the outer surface of the tripod feet analyzed likely contained phytoliths that remained following the process of burning plants. The ancients usually used seeds as food and straw as firewood (Wang and Chai, 2010), hence the influence of the residual phytoliths of foxtail and common millet after burning during the heating process cannot be completely ruled out.
The edible plant resources of the ancient people in the Lower Xiajiadian cultural period included foxtail and broomcorn millets, plants from the tribe Triticeae, roots, and tubers. With respect to their absolute quantities and appearance frequencies, the starch grains and phytoliths from the husks of crops extracted from the residues on the interior surfaces of the tripod feet were mainly millets (starch grains: n = 42; 90%, and phytoliths: n = 208; 40%). There were comparatively fewer starch grains from the tribe Triticeae (n = 16; 70%) and from roots and tubers (n = 2; 20%). These results are consistent with those of previous research that suggest that the dry farming structure during the Lower Xiajiadian cultural period was dominated by foxtail and broomcorn millets (Sun et al., 2014; Jia et al., 2016a; Jia et al., 2016b; Ma et al., 2016; Jia et al., 2017b; Jia et al., 2021).
Starch granules from the tribe Triticeae appeared relatively frequently in the residues from the surfaces of the tripod feet. Triticeae has approximately 20 genera and 330 species globally, of which 13 genera and 175 species are found in China, and they are mainly distributed in northern China throughout diverse ecological environments (Liu Y. P. et al., 2013). In addition, Triticeae has been found in many Neolithic Age sites in Northeast China (Ma, 2014; Wu et al., 2018), which indicates that it was universally bred, cultured, and utilized by the ancient people of this region. Furthermore, recent research shows that Triticeae is closely related to human life and plays an important role in wheat crops and fodder (Culman et al., 2013; Pugliese et al., 2019).
A handful of starch grains from roots and tubers were also identified, which indicates that roots and tubers were also utilized in Chifeng during the Lower Xiajiadian cultural period. Roots and tubers are rich in starch and are abundant in the wild. Furthermore, compared with gramineous plants, they have more edible parts. As such, they have been an important edible plant resource since the late Paleolithic period (Liu L. et al., 2013; Yang et al., 2014). It is evident that the selection of multiple plant resources provided choice for these people, which further reduced risks associated with food scarcity from single crop failures.
CONCLUSION
We analyzed starch grains, phytoliths, and microfossil charcoal from residues found on the surfaces of 10 Li Tripods from the Lower Xiajiadian cultural period, which were previously unearthed from six sites in Chifeng, Northeast China. In combination with the identification of gelatinized starch grains, the soot traces on Li tripod surfaces, and the evidence indicating that 70% of the exterior surface samples had a higher frequency of contact with fire, our results provide further evidence that the Li tripods were used for cooking foxtail and broomcorn millets and plants from the tribe Triticeae. In addition, the starch grain and phytolith analyses results suggest that the edible plant resources of the ancient people of Chifeng during the Lower Xiajiadian cultural period included foxtail and broomcorn millets, plants from the tribe Triticeae, roots and tubers. Of these, foxtail and broomcorn millets were dominant. This study provides physical evidence of the functions of Li Tripods from the Lower Xiajiadian cultural period, as well as direct evidence of the plant resource exploitation strategies and agricultural patterns of the ancient people of this era, which in turn further promotes knowledge about their subsistence patterns and the social context of early Bronze-Age civilization.
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This study attempts a holistic approach to past foodways in prehistoric northern Gujarat, India, by considering evidence of food production, distribution, preparation and consumption. We present here the results of a pilot residue study, integrating lipid and starch grain analyses, conducted on 28 ceramic vessels from three Chalcolithic/Harappan settlements (c. 3300–2000 cal. BC) in northern Gujarat, which are discussed in the light of previous evidence of plant and animal acquisition and preparation strategies in this region. We aim to explore how the prehistoric inhabitants of northern Gujarat transformed ingredients into meals, focusing on how different foodstuffs were processed. When assessed on their own, the lipid and compound-specific isotopic data suggest that animal fats were primarily processed in ceramic vessels, specifically non-ruminant fats. However, lipid residue analysis favors the detection of fat-rich animal products and is often unable to disentangle signatures resulting from the mixing of plant and animal products. The incorporation of starch grain analyses provides evidence for the processing of a range of plants in the vessels, such as cereals, pulses and underground storage organs. Together, the results provide a holistic perspective on foodways and a way forward in overcoming preservational and interpretational limitations.
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INTRODUCTION

Archeological research has long focused on the cultural, social and economic practices concerning food production and consumption (often referred to as “foodways”; Staller and Carrasco, 2009; Peres, 2017), especially since the systematic recovery of macrobotanical and microfaunal remains through flotation techniques became widespread in the 1970s. Through the analysis of plant and animal remains, often combined with the analysis of food-related artifacts such as ceramics and grinding stones, archeologists have explored issues such as the social division of labor during food production (e.g., Bolger, 2010), distribution (e.g., Welch and Scarry, 1995) and preparation (e.g., VanDerwarker and Detwiler, 2002), intra- and inter-cultural culinary preferences (e.g., Kirch and O’Day, 2003) and the role of food in social aggregation and cooperation (e.g., Bray, 2003), among other topics.

Despite the diversity of methodological and theoretical approaches used to explore prehistoric foodways and the abundant literature discussing this topic, few studies have considered both plant and animal resources holistically (e.g., Spielmann, 2002; Bogaard et al., 2009; Kansa et al., 2009; Twiss et al., 2009; Ivanova et al., 2018; Gaastra et al., 2019; McClatchie et al., 2019; Dunne et al., 2021). However, the acquisition, preparation and consumption of both plants and animals are firmly tied together in integrated agro-pastoral systems and, therefore, both resources need to be considered together in order to explore prehistoric foodways and pursue a better understanding of how food systems operated in the past.

In the last few decades, past food preparation and consumption activities have been explored through the analysis of residues from archeological artifacts and human dental calculus. Chemical (lipids and proteins; e.g., Craig et al., 2015; Hendy et al., 2018) and microbotanical (starch grains and phytoliths; e.g., Lu et al., 2005) analyses have greatly contributed to our understanding of the use of plant and animal ingredients in prehistoric cuisines, often highlighting the presence of foodstuffs not detected through conventional archeobotanical and zooarcheological methods (e.g., Högberg et al., 2009; Salque et al., 2012; Saul et al., 2013). Phytoliths are often found on non-edible plant parts but can also represent the use of taxa often underrepresented in conventional archeobotanical analyses, such as spices (Saul et al., 2013); whereas starch grains are mainly produced in the edible plants parts (seeds, fruits, underground storage organs, etc.) and are usually regarded as a direct evidence of the consumption of starchy plants, including, among others, cereals, pulses and tubers (Torrence and Barton, 2006). In parallel, the analysis of lipids from pottery vessels has thrown light on our understanding of the exploitation of animal fats and the origin of dairying practices (e.g., Craig et al., 2005; Evershed et al., 2008), as well as on the use of leafy vegetables, plant oils (Charters et al., 1993, Charters et al., 1997; Copley et al., 2001, 2005; Dunne et al., 2016) and apicultural products (Roffet-Salque et al., 2015).

Individually, phytoliths, starch grains and lipids provide valuable information on the consumption of plant and animal resources. However, their independent analysis might underestimate the importance of certain resources. For example, fat-rich animal products are more easily identified in lipid residue analysis, while the contribution of lipid content of plant-based products, generally at least tenfold lower, is likely masked by animal fats (Charters et al., 1995; Hammann and Cramp, 2018; Miller et al., 2020). Plant waxes, sterols and seed oils have been identified in pottery vessels, but generally in archeological settings with good organic preservation (e.g., Copley et al., 2001, 2005; Dunne et al., 2016). Additionally, there are only a few established biomarkers for specific plant products (brassica leaf waxes, maize and some millet species; Charters et al., 1997; Reber and Evershed, 2004; Heron et al., 2016). These preservational and interpretational biases can potentially skew our interpretation of past resource- and vessel-use in respect to plants, rendering the use of plant products in pottery vessels “invisible”.

At present, microbotanical remains and lipid residues are seldom analyzed as part of the same study, and when this happens they often come from different vessels, thus impeding an effective integration of the results (see for example, microbotanical and lipid residue analyses conducted at the Neolithic site of Stavroupoli, in northern Greece; García-Granero et al., 2018; Whelton et al., 2018). The integrated analysis of lipid residue and microbotanical proxies has the potential to widen the spectrum of identifiable food resources and examine differential pathways of the processing and consumption of food (Kooiman et al., 2021). Moreover, an integrated analysis can help overcome the interpretative limitations of individual proxies.

We present here the results of a pilot study aiming at assessing the potential of an integrated lipid residue and microbotanical analysis to explore prehistoric foodways in Chalcolithic/Harappan northern Gujarat, western India (Figure 1). The materials analyzed in this study comprise 28 ceramic vessels potentially used for food preparation and consumption from three settlements in northern Gujarat: Chalcolithic deposits from Datrana (c. 3300–3000 cal. BC) and Loteshwar (c. 2700–2300 cal. BC), and late Urban Harappan deposits from Shikarpur (c. 2200–2000 cal. BC)—see Table 1 for a summary of the archeological contexts and Supplementary Material for a more detailed description of the full stratigraphy of the sites. The results are discussed in the light of previous evidence of plant and animal acquisition and preparation strategies in this region to explore how the Chalcolithic/Harappan inhabitants of northern Gujarat transformed ingredients into meals, thinking through the potential culinary pathways of different foodstuffs.
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FIGURE 1. Map of Gujarat showing the case studies (red triangles) and other archeological sites mentioned in the text (green circles). Background map prepared by Francesc C. Conesa.



TABLE 1. Summary of the available archeological information for the deposits where the samples analyzed in this study were recovered.
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AREA OF STUDY

For the purposes of this study, we define northern Gujarat broadly, encompassing the northern part of mainland Gujarat (often referred to as North Gujarat), the island of Kachchh and the northern part of the peninsula of Saurashtra, a region characterized by a semiarid climate (400–600 mm of average annual precipitation), with most of the rainfall occurring during the Indian summer monsoon (June-September). Several ceramic traditions co-exist in northern Gujarat during the Chalcolithic/Harappan period, including the Anarta (c. 3700–2250 cal. BC), the Pre-Prabhas (c. 3300–2900 cal. BC) and the Classical and Sorath Harappan (c. 2500–1900 cal. BC). Anarta pottery has been recovered in different proportions from over 60 prehistoric sites, but it is most common in seasonal camps occupied by semi-nomadic agro-pastoralists, such as Loteshwar (Ajithprasad and Sonawane, 2011; Rajesh et al., 2013a), whereas Pre-Prabhas pottery has only been recovered at Datrana, a lithic blade workshop (Ajithprasad, 2011; Gadekar et al., 2013; Rajesh et al., 2013b), and a few other sites (Rajesh et al., 2018). Classical Harappan pottery of the Indus Civilization is found mostly in walled settlements, with the characteristic Indus city plan and associated material culture, ranging from villages such as Shikarpur (Bhan and Ajithprasad, 2009) to major urban centers such as Dholavira (Bisht, 2015). Finally, Sorath Harappan pottery is the dominant regional ceramic tradition associated with the Harappan sites (mostly) of Saurashtra (see e.g., Farooqui et al., 2013, p. 2632 and references therein).

Recent archeobotanical and zooarcheological research in northern Gujarat has provided extensive evidence for the production and distribution of plant and animal resources during the Chalcolithic and Harappan period. The analysis of macroscopic plant remains (charred and mineralized fruits and seeds) from Anarta and Harappan sites shows that prehistoric populations relied on the cultivation of monsoon-adapted crops native to South Asia, particularly small millets such as little millet (Panicum sumatrense), browntop millet (Brachiaria ramosa), bristly foxtail (Setaria verticillata), green foxtail (S. viridis), Kodo millet (Paspalum scrobiculatum) and barnyard millet (Echinochloa spp.), as well as tropical pulses such as horsegram (Macrotyloma uniflorum), mung bean (Vigna radiata) and black gram (V. mungo) (Fuller, 2011; Pokharia et al., 2011, 2017; García-Granero et al., 2015, 2016). Sesame (Sesamum indicum) was also recovered from Loteshwar (García-Granero et al., 2016) and a few Harappan sites in the region (Pokharia et al., 2011, 2017). Small amounts of barley (Hordeum vulgare) and, to a lesser degree, free-threshing wheat (Triticum aestivum/turgidum) are also recovered from all studied sites; these were probably not cultivated locally but traded in from other Indus regions more suitable for the cultivation of winter crops (García-Granero, 2015). Wild plants are also normally recovered from Chalcolithic/Harappan sites in northern Gujarat but there exists no clear evidence of their use for human consumption, with the possible exception of Egyptian crowfoot grass (Dactyloctenium aegyptium) at Loteshwar (García-Granero et al., 2016).

There is abundant evidence for animal husbandry in Chalcolithic and, especially, Harappan northern Gujarat, where hunting appears to have played a minor role, particularly during the Harappan period. Cattle (Bos sp.) herding seems to have been the main animal-related activity during the Anarta period (Patel, 2009), later complemented with sheep (Ovis aries) and goats (Capra hircus) in Harappan settlements—and, possibly, water buffaloes (Bubalus bubalis) and pigs (Sus sp.), the domestic status of which has not been clarified to date (Thomas et al., 1996, 1997; Chase, 2010, 2014; Joglekar and Goyal, 2011; Goyal, 2013; Joglekar et al., 2013). The domestic animal slaughter patterns at Harappan Bagasra and Shikarpur suggest that cattle and buffalo were generally kept for secondary products and/or animal traction prior to consumption, whereas sheep and goats were raised primarily for meat (Chase, 2010, 2014). Fishing, particularly of marine habitats, also seems to have been an important activity in Harappan Gujarat (Abhayan, 2016). Judging by the abundance of otoliths and other fish bones at archeological sites in northern Gujarat, fish must also have been an important resource for prehistoric populations, although its role in their subsistence is currently unknown due to the scant attention fish remains have received in South Asian zooarcheology (Abhayan et al., 2016).

Husbandry practices were further explored at Harappan Bagasra, Shikarpur, Jaidak and Kotada Bhadli through stable isotope analyses (87Sr/86Sr, δ13C, and δ18O) of animal tooth enamel. At Bagasra, strontium ratios suggest that most sheep and goats were raised locally, whereas around half of the analyzed cattle were raised further afield, in several locations throughout central Saurashtra (Chase et al., 2014, 2018). Carbon and oxygen values further suggest that cattle were predominantly fed agricultural fodder (millet cultivation by-products), as shown by the presence of C4 plants in their diet, whereas sheep and goats consumed a mixed diet made of both agricultural fodder and wild plants (mixed C3–C4 diet) (Chase et al., 2014). Results from nearby Shikarpur and Jaidak (Chase et al., 2020) seem to confirm the patterns observed at Bagasra. Δ13C-values from Kotada Bhadli, however, showed that both cattle/buffaloes and sheep/goats consumed a mixed C3–C4 diet (Chakraborty et al., 2018), thus suggesting that livestock management practices were not uniform throughout Harappan northern Gujarat.

Despite the relatively rich literature discussing food production and distribution in Chalcolithic northern Gujarat, less attention has been devoted to food preparation activities, and the remains of food consumption have been largely unexplored. Evidence for the pre-consumption preparation of plant resources comes from the analysis of microbotanical remains (starch grains and phytoliths) from grinding stones from Loteshwar, Datrana and Shikarpur, which show that these were mostly used to grind small millets and pulses, with a minor presence of other resources such as wheat/barley and underground storage organs (García-Granero et al., 2015, 2016, 2017a,2017b). Evidence for the preparation of animal resources comes from the analysis of cut-marks in cattle/buffalo and sheep/goat from Bagasra, which showed different butchery practices between those residing within and without the walled settlement (Chase, 2012). Using a different approach, Goyal (2017) suggested that preparation via roasting was more common in wild animals, particularly deer, than in domestic animals at Kanmer. Presence of burnt marks and the scarcity of cut marks in the fish assemblages from Bagasra, Kanmer and Shikarpur suggest that at least some fish resources were also prepared via roasting (Abhayan, 2016: 298).



MATERIALS AND METHODS


Sample Details

A total of 28 pottery vessels were analyzed in this study: 11 from Datrana (excavated in 2010), six from Loteshwar (excavated in 2009) and 11 from Shikarpur (excavated in 2012). All samples from Datrana come from bases of medium or large pots/dishes characterized as Pre-Prabhas. Samples from Loteshwar come from body sherds of medium pots, five characterized as Anarta and one characterized as probably Sorath Harappan (but definitely not Anarta). Finally, samples from Shikarpur come from bases of a variety of Classical Harappan vessels, including four pots/vases, four goblets, two pots/jars and one flat platter (a detailed description of the vessels can be found in Supplementary Table 1).

After retrieval from the archeological matrix potsherds were wrapped in aluminum foil and stored at the Department of Archeology and Ancient History, M.S. University of Baroda, Vadodara, India, where they were sampled for lipid residue and microbotanical analyses in November 2013. Sampling took place in a controlled environment—a closed room with no airstream. A small portion of each sherd (c. 1 cm2) was detached from the main sherd, wrapped in aluminum foil and sent to the BioArch Laboratory, University of York, United Kingdom, for lipid residue analyses.

Microbotanical residue recovery consisted of a two-step process in which the outer layer of sediment was first dry brushed from the inner surface of the vessel (dry sample), and then the inner layer of sediment was brushed with deionized water (wet sample). By removing the outer layer of sediment the likelihood of contamination from the burial environment decreases considerably (Hart, 2011), so our analysis focused on the wet samples. Microbotanical samples were transferred to the BioGeoPal Laboratory, IMF-CSIC, Barcelona, Spain, where wet samples were immediately dried at 40°C and stored. Gloves were not used during the sampling of potsherds or the extraction and analysis of starch grains to prevent starch contamination (Crowther et al., 2014).



Lipid Residue Analysis: Extraction and Analytical Protocol

Lipid extracts were obtained and prepared from the pottery sherds (n = 28) at the BioArch Laboratory using previously reported protocols of extraction and methylation (Craig et al., 2013). Each sherd was first cleaned with a high-speed drill to eliminate any surface contamination. Ceramic was then drilled from the interior surface (1 g). The ceramic powder was weighed and sealed in glass vials prior to all analyses. Methanol (4 ml) was added to the powdered pottery and the mixture was sonicated for 15 min. Then, sulfuric acid (800 μl) was added and heated at 70°C for 4 h. Lipids were extracted from centrifuged pottery powder with n-hexane (3 × 2 ml) and dried under a gentle stream of N2. Internal standard (10 μl of hexatriacontane C36:0) was added in all the samples prior analysis to quantify the relative abundance of lipids. All samples were analyzed by Gas Chromatography-Flame Ionisation Detection (GC-FID) (n = 28), Gas Chromatography-Mass Spectrometry (GC-MS) (n = 28) and Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry (GC-C-IRMS) (n = 27).

GC-FID was carried out using an Agilent 7890S gas chromatograph (Agilent Technologies, Cheadle, Cheshire, United Kingdom). The sample (1 μl) was injected into the GC at 300°C with a splitless injector, using helium as carrier gas (2 ml min–1). The GC column was a polymide coated fused-silica DB-1 (15 m × 320 μm × 0.1 μm; J&W Scientific, Folsom, CA, United States). The GC oven was set at 100°C for 2 min, then increased by 20°C min–1 until 325°C, where it was held for 3 min.

GC-MS was carried out using an Agilent 7890 B Series Gas Chromatograph attached to an Agilent 5977 B Mass Spectrometer with a quadrupole mass analyzer (Agilent technologies, Cheadle, Cheshire, United Kingdom). All samples were initially screened using a split/splitless injector in splitless mode, which was maintained at 300°C. The GC carrier gas was helium, configured at a constant flow rate of 1 ml min–1. The column (HP-5MS) was coated with 5% phenyl-methylpolysiloxane (30 m × 0.25 mm × 0.25 μm; Agilent technologies, Cheadle, Cheshire, United Kingdom). The oven temperature was set at 50°C for 2 min, then raised by 10°C min–1 until 325°C was reached, where it was held for 15 min until the end of the run. The ionization energy of the mass spectrometer was 70 eV and spectra were obtained in scanning mode between m/z 50 and 800.

In order to assess the presence of miliacin, each Total Ion Chromatogram (TIC) was scanned for m/z 189, m/z 204, m/z 231, m/z 425, m/z 440, corresponding to miliacin fragmentation. Additionally, ω-(o-alkylphenyl) alkanoic acids (APAAs) were screened by searching the TIC for the molecular ions (M +) for APAAs of C16 –C22 at m/z 262, 290, 318, and 346 and the fragment ion of the base peak m/z 105.

The stable carbon isotope values of palmitic and stearic FAMES were measured by GC-c-IRMS, using an Agilent 7890B series GC (Agilent Technologies, Santa Clara, CA, United States), linked by an Isoprime GC5 interface (Isoprime Cheadle, United Kingdom) to an Isoprime 100 (Isoprime, Cheadle, United Kingdom) and to an Agilent 5975C inert mass spectrometer detector (MSD). Samples were re-dissolved in hexane and 1 μl was injected into DB-5MS ultra-inert fused-silica column (60 m × 0.250 mm × 0.25 μm, J&W Scientific, Folsom, CA, United States). The temperature program was 50°C for 0.5 min, 25°C min–1 to 175°C, 8°C min–1 to 325°C, isothermal hold for 20 min. The carrier gas used was ultra-high purity grade helium (3 ml min–1). The gas flow eluting from the column was split into one stream that was directed to the MSD for compound identification, and another stream that was directed through the CuO furnace tube at 850°C to convert all the carbon species to CO2. Ion intensities (44, 45, and 46 m/z) of eluted products were recorded and the corresponding 13C/12C ratios were computed. Data was analyzed using IonVantage and IonOS software (Isoprime, Cheadle, United Kingdom) and the samples were compared with a standard reference gas (CO2) of known isotopic composition. The results are expressed in per mill (‰) relative to an international standard (VPDB). Within each batch, a mixture of n-alkanoic acid ester standards of known isotopic composition (Indiana standard F8-3) was used to check instrument accuracy (± 0.3‰) and precision on repeated measurements (± 0.5‰). Each sample was measured in duplicate. The resulting data were corrected to account for methylation of the carboxyl group through comparisons with a C16:0 and C18:0 fatty acid standard of known isotopic composition that were processed with each batch under identical conditions. As only a couple modern reference dairy fats from South Asia are available (Craig et al., 2005), data obtained from other published modern ruminant, dairy, non-ruminant fats, marine fats and plant oils (Copley et al., 2003; Craig et al., 2005; Spangenberg et al., 2006; Gregg et al., 2009; Outram et al., 2009; Steele et al., 2010; Dunne et al., 2012) were compared with the obtained results.



Microbotanical Remains

Processing and analysis of the wet samples from potsherds took place at the BioGeoPal Laboratory, IMF-CSIC, Barcelona, Spain. Samples were chemically processed for the extraction of starch grains and phytoliths following the protocols described in García-Granero et al. (2017b), which involve the use of 5% sodium hexametaphosphate [(NaPO3)6] to deflocculate clays, sodium polytungstate [Na6(H2W12O40)] at a specific gravity of 1.8 g/cm3 to isolate starch grains, 5% hydrochloric acid (HCl) to dissolve calcium carbonate, 33% oxygen peroxide (H2O2) to oxidize organic matter and sodium polytungstate at a specific gravity of 2.35 g/cm3 to isolate phytoliths. Samples were observed under plain and cross-polarized transmitted light in a Leica DM2500 optical microscope with a Leica DFC490 camera for microphotography. 10% of the starch residue from each sample was mounted in 50% glycerine and fully scanned at × 200 magnifications, whereas c. 1 mg of the phytolith residue from each sample was mounted in Entellan® and scanned at × 630 magnifications until 250 identifiable single-cell phytoliths were observed. Samples where less than 100 identified phytoliths had been encountered after scanning 10% of the slide were considered sterile and the analysis did not proceed any further. Microbotanical remains encountered in archeological samples were compared with the modern plant reference collection housed at the BioGeoPal Laboratory (Supplementary Figure 1).




RESULTS


Lipid Preservation and Molecular Evidence (Gas Chromatography-Flame Ionisation Detection and Gas Chromatography-Mass Spectrometry)

Lipid yields ranged from 4.6 to 339.1 μg/g ([image: image] = 74.5 μg/g) (Table 2). All but one sample (DTR116) had lipid yields above 5 μg/g (n = 27, 96%). The lipid yields are relatively higher than those reported from other lipid residue studies in South Asia, such as at Kotada Badli, a Sorath Harappan settlement in Gujarat (Chakraborty et al., 2020, using a slightly different extraction protocol; Correa-Ascencio and Evershed, 2014), and Harappan sites in northwest India (Suryanarayan et al., 2021, using the same extraction protocol as in this study). Comparisons of lipid yields suggest there are no differences in lipid yields across sites {Kruskal-Wallis test of effect of site [χ2(2) = 2.6, p = 0.27]}.


TABLE 2. Results of the chemical and starch grain analyses from pottery vessels from Datrana, Loteshwar and Shikarpur.
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All lipid profiles were dominated by mid-chain (C14:0, C16:0 and C18:0) fatty acids and small peaks of long-chain fatty acids (C20:0–C24:0). All the profiles also contained odd-chain fatty acids such as C15:0 and C17:0, as well as branched-chain fatty acids such as C15 and C17. Such profiles are characteristic of degraded animal fats (Dudd and Evershed, 1998; Dudd et al., 1999; Halmemies-Beauchet-Filleau et al., 2013, 2014; Supplementary Figure 2). The palmitic/stearic (P/S) ratio of the extracts ranged between 0.7 and 1.2, which is also indicative of animal products.

No peaks of n-alkanes, which can be indicative of plant waxes (Kolattukudy, 1970), were detected in the extracts. Similarly, miliacin, the chemical “biomarker” for Panicum spp. and some other small millets (Lu et al., 2009; Bossard et al., 2013), could not be identified in the extracts. Other chemical biomarkers, such as compounds formed during exposure to high temperatures or those indicating heated fish products—mid-chain ketones and long-chain (> C18) ω-(o-alkylphenyl) alkanoic acids and isoprenoid fatty acids, respectively—could also not be identified in the lipid extracts using the methods described.



Compound-Specific Isotopic Evidence (Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry)

The fatty acid δ13C-values from the analyzed extracts ranged between –30.5 and –24.5‰ (C16:0) and between –29.9 and –23.5‰ (C18:0), reflecting a relatively narrow spread of values. The Δ13C-values ranged from 3.2 to –2.7‰, which are consistent with modern reference fats from non-ruminant and ruminant adipose fats (Figure 2, Table 2, and Supplementary Figure 3). Most of the extracts (n = 21, 78%) had Δ13C-values which fall within the range of reference non-ruminant fats, while the remaining (n = 6, 22%) fall within the range for ruminant adipose fats, suggesting they were predominantly used to process the carcass fats of cattle/buffalo, sheep/goat or wild ruminant animals such as deer or nilgai (Boselaphus tragocamelus). None of the extracts had values consistent with reference dairy-based products. Some extracts also have fatty acid δ13C-values that are consistent with those reported for plant oils, especially C3 oilseed plants such as sesame (Steele et al., 2010). However, plants have a much higher palmitic/stearic ratio than animal fats, and they produce significant deviations in Δ13C-values depending on the absolute δ13C-values of the end-members (Steele et al., 2010; Hendy et al., 2018). Clear evidence for plant products was not detected in the lipid extracts in this study.
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FIGURE 2. Compound-specific isotopic values by site. The difference in δ13C-values for C16:0 and C18:0 fatty acids (Δ13C) are plotted against δ13C-values for C16:0 fatty acids against a global reference range for modern porcine, ruminant carcass, dairy fats and plant oils (Copley et al., 2003; Spangenberg et al., 2006; Gregg et al., 2009; Outram et al., 2009; Steele et al., 2010; Dunne et al., 2012; Hendy et al., 2018).


The δ13C16:0 values of the extracts indicate the input of both C3 and C4 plants, likely routed through animal diet (Halmemies-Beauchet-Filleau et al., 2013, 2014). A moderate negative correlation coefficient between the δ13C16:0 and Δ13C values was observed (–0.35, p = 0.012), suggesting that samples with more negative Δ13C-values produced fatty acids enriched in 13C, likely from tissues of ruminant animals that were consuming C4 plants. However, there was no effect of site or vessel form on δ13C16:0 values [χ2(2) = 1.3, p = 0.53 and χ2(6) = 4.6, p = 0.59, respectively] or on δ13C18:0 values [χ2(2) = 0.4, p = 0.82 and χ2(6) = 2.3, p = 0.89, respectively]. This indicates that no significant differences in the usage of vessels across sites and vessel forms can be detected (see Supplementary Figure 4).



Microbotanical Evidence

Starch grains were generally scarce in most samples (0–8 grains per sample) but very abundant in sample DTR116 (n = 256) (Table 2). The presence and relative abundance of starch types varies greatly among sites (Figure 3 and Table 3). Thus, whereas at Datrana most starch grains (99% of the assemblage) belong to the Hordeeae tribe (Poaceae, grasses), these are a minor component of the assemblage at Shikarpur (7%) and completely absent at Loteshwar. Plants from the Hordeeae tribe are not native to Gujarat, suggesting these starch grains most likely represent wheat (Triticum sp.) and/or barley (Hordeum vulgare) traded in from other areas of the Indus Civilization, such as the Indus plain in present-day Sindh (Pakistan). Conversely, starch grains from the Faboideae subfamily (Fabaceae, pulses) predominate at both Shikarpur (73%) and Loteshwar (67%) but are completely absent from Datrana. The starch assemblage further includes one small millet (Paniceae tribe, Poaceae) grain from Datrana, two Job’s tears (Coix lacryma-jobi, Andropogoneae tribe, Poaceae) grains from Loteshwar, two ginger (Zingiber sp., Zingiberaceae) grains (one from Datrana and one from Shikarpur), one grain from an unidentified underground storage organ from Shikarpur and a few grains that could not be identified due to severe damage (n = 1), the lack of comparable modern reference material (n = 1) or the lack of diagnostic features in the starch grains (n = 3). Phytoliths were virtually absent from all but three vessels (Supplementary Table 3) and are therefore not considered in the discussion of the results.
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FIGURE 3. Starch grains observed in samples from pottery vessels from Datrana, Loteshwar and Shikarpur: (A) Paniceae (small millet) grain form sample DTR120; (B) Andropogoneae (Job’s tears) grain from sample 031109/11; (C) cluster of Hordeeae (wheat/barley) grains from sample DTR116; (D) Faboideae (pulses) grains from sample 071109/20; (E) Zingiber sp. (ginger) grain from sample 050212/8; and (F) undetermined underground storage organ from sample 250112/8. Scale bar: 20 μm (for comparative reference material, see Supplementary Figure 1).



TABLE 3. Shape and size of the starch grain morphotypes found in pottery vessels from Datrana, Loteshwar and Shikapur.
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DISCUSSION

Direct archeological evidence for food preparation and consumption is often limited to exceptional archeological finds (e.g., Lu et al., 2005). In most cases, the reconstruction of past foodways is hampered by the poor survival of organic remains, taphonomic pathways and depositional and post-depositional processes. In this study, the low preservation of starch grains and survival of only free fatty acids within the lipid extracts limits the extent to which past foodways can be reconstructed. The interpretation of the results from northern Gujarat is further hindered by few previous biomolecular studies and lack of modern reference fats from the region; in fact, this is one of the few lipid residue studies on South Asian archeological material (see also Chakraborty et al., 2020; Suryanarayan et al., 2021) and the only study in South Asian archeology integrating chemical and microbotanical analysis from the same vessels. Nevertheless, a holistic approach to past foodways has the potential to overcome biases by integrating evidence, and opens up new questions to examine the production, distribution, preparation and consumption of both animal and plant resources.


Plant and Animal Ingredients in Vessels?

The obtained lipid residue results suggest the presence of degraded animal fats in the vessels. When compared with available modern reference fats from other parts of the world, the fatty acid isotopic values suggest the dominance of the processing of non-ruminant fats in the vessels, possibly porcine carcass fats or fats of other monogastric animals, such as birds. However, the presence of non-ruminant fats in vessels does not correlate with the faunal record from Chalcolithic/Harappan northern Gujarat, as there is limited evidence for the exploitation of pigs (domestic or wild) or other omnivorous taxa. Pig remains are relatively scarce (0–15% NISP) in Chalcolithic/Harappan settlements in Gujarat compared to the remains of ruminants, particularly sheep/goat (15–40% NISP) and cattle/buffalo (50–70% NISP), which dominate the faunal assemblages (Thomas et al., 1996, 1997; Patel, 2009; Chase, 2010, 2014; Joglekar and Goyal, 2011; Goyal, 2013; Joglekar et al., 2013). Similar results were reported from Harappan sites in northwest India, where porcine remains are similarly scarce in the zooarcheological assemblage (Suryanarayan et al., 2021). While it is possible that non-ruminant animal resources were selectively processed in pots, it is also worth exploring alternative explanations for their predominance in the pottery vessels from northern Gujarat.

Mixing models to investigate how mixtures of plant and animal products processed in ancient vessels can affect compound-specific isotope results have demonstrated that it can be challenging to interpret fatty acids isotopic results when plant and animal products are mixed in vessels, particularly from environments where both C3 and C4 plants are available (Hendy et al., 2018; Bondetti et al., 2020; Suryanarayan, 2020; Suryanarayan et al., 2021). Hendy et al. (2018) showed that Δ13C-values similar to non-ruminant fats can be created when vessels are used to process mixtures of ruminant adipose products and C3 plants. Considering the available zooarcheological evidence and the predominance of C3 plants in the starch assemblage from pottery vessels from Datrana, Loteshwar and Shikarpur, it is possible that the Δ13C-values of the extracts resulted from mixtures of plant and animal products rather than non-ruminant animal fats. Although the low lipid contribution of plants may not be enough to influence the δ13C-value of the animal-derived lipids (Miller et al., 2020), a likely possibility could be the use of C3 plant oils, such as sesame, which has been found at Loteshwar (García-Granero et al., 2016), which have higher lipid content. These hypotheses, however, need to be tested through additional mixing models and experimental research.

A small number of vessels from Datrana and Shikarpur have extracts with isotopic values that fall within the range of ruminant carcass fats and have δ13C16:0 values between –27 and –24‰. These values suggest that fats processed in these vessels were from animals with a mixed C3–C4 plant diet (e.g., Roffet-Salque et al., 2016). The zooarcheological record in prehistoric northern Gujarat includes both domestic (cattle, sheep and goats) and wild ruminants (e.g., nilgai). The stable carbon isotope signature of animals grazing on wild vegetation would reflect the consumption of mostly C3 plants, which form the majority of the local flora (Chase et al., 2014: 4). On the other hand, the stable carbon isotope signature of animals grazing on agricultural fodder would reflect the consumption of both C4 (e.g., small millets) and C3 plants (e.g., tropical pulses), as shown by stable carbon isotope analyses of tooth enamel of domestic ruminants at Bagasra (Chase et al., 2014, 2018), Shikarpur (Chase et al., 2020), Jaidak (Chase et al., 2020) and Kotada Bhadli (Chakraborty et al., 2018). Therefore, the presence of C4 plants in the diet of the ruminants processed at Datrana and Shikarpur seems to indicate that they were partly fed agricultural by-products, and thus the molecular evidence likely represents the processing of domestic animals in vessels. Moreover, the study of burnt animal bones from Kanmer suggested that, unlike domestic taxa, wild mammals such as deer were regularly prepared via roasting (Goyal, 2017), further suggesting that the ruminant fats from Datrana and Shikarpur derive from domestic animals.



Prehistoric Foodways in Northern Gujarat

Archeobotanical and zooarcheological research has shown that the inhabitants of Chalcolithic/Harappan northern Gujarat consumed a wide array of plant and animal resources. Lipid residue and starch grain analyses, however, only identified a few of these resources in the pottery vessels from Datrana, Loteshwar and Shikarpur. Although we acknowledge that the small set of samples analyzed may not be generalizable, the results open up questions about the culinary pathways of certain foodstuffs.

Among the food ingredients potentially consumed by prehistoric populations in northern Gujarat, two were not detected in the extracts: fish and dairy products. Molecular markers for fish products were not detected in the analyzed extracts, and the compound-specific isotopic results do not suggest aquatic input. In contrast, aquatic products were tentatively identified from a single vessel at Kotada Bhadli (Chakraborty et al., 2020). Although “absence of evidence is not evidence of absence”—and the techniques required to detect fish products in lipid extracts may need to be more sensitive in nature—fish might have had a specific culinary pathway at the sites examined in this study. Fish (both marine and riverine) seem to have been an important component of the Harappan diet, but how this resource was part of the Harappan cuisine has rarely been explored. Ichthyoarcheological studies on the materials from several Indus Civilization sites highlighted the paucity of cut marks on the recovered bones (< 2% of the assemblages in all studied sites; Abhayan, 2016; Belcher, 1998). At Bagasra, Kanmer and Shikarpur, most cut marks were noticed on the vertebral elements, which probably indicates standardization in chopping (Abhayan, 2016; Abhayan et al., 2018) and suggests that fish might have been cooked mostly whole and not dismembered. Visible signs of heat alteration on some of the fish bones (Abhayan, 2016, p. 298) is also commensurate with roasting or frying rather than cooking in vessels, potentially explaining why fish products were not detected in the vessels analyzed in this study.

None of the fatty acid δ13C-values from the lipid extracts were consistent with modern references of dairy products, including an ethnographic dairy vessel from Gujarat (Craig et al., 2005). Our results are similar to those obtained from northwest India, where only a small percentage of vessels had evidence of dairy products (Suryanarayan et al., 2021), but contrast with lipid residue analysis of vessels from Kotada Bhadli, where 6 out 21 vessels (mostly bowls) had evidence of dairy use (Chakraborty et al., 2020). Although the origins of dairying in prehistoric South Asia are still unknown, it is assumed that secondary products such as dairy were an important part of the economy, especially during the Harappan period (Gouin, 1990; Bourgeois and Gouin, 1995; Miller, 2004; Wright, 2010; Chase et al., 2014). Once again, “absence of evidence is not evidence of absence”; however, a number of possibilities must be explored. It is possible that the Chalcolithic semi-nomadic agro-pastoralists at Loteshwar and inhabitants of Datrana were not engaging in dairying; however, this is harder to explain for Shikarpur, where zooarcheological analysis suggests that cattle and buffalo were probably kept for secondary products and/or animal traction (Chase, 2010, 2014). It may also be possible that at Datrana, Loteshwar and Shikarpur milk and dairy products were processed in containers, such as bowls, that were not part of this study, or in vessels that have not survived in the archeological record (e.g., wooden vessels). In present-day traditional northern Gujarat milk is collected in small or medium pots with a slightly wide, open mouth and consumed in bowls or cups (P. Ajithprasad personal observation), and milk collection vessels are seldom used for any other purpose. Thus, it is possible that their representation in archeological contexts might also be limited. Finally, it is also possible that the mixing of resources in vessels has made it harder to detect the direct processing of dairy products in vessels.

By comparing the starch evidence from the ceramic vessels with the evidence for the use of starch-rich plant parts from previously published macro and microbotanical analyses at Datrana, Loteshwar and Shikarpur we can attempt to disentangle the different culinary pathways potentially followed by each plant resource (Figure 4 and Table 4). The starch evidence from potsherds was generally scarce and therefore any interpretation using this proxy must be considered with caution. Only 10% of the starch residue was analyzed from each sample to allow comparability with previous starch analyses on grinding stones, which may have contributed to the low number of starch grains recovered in this study—which suggests that grinding stones might provide a more suitable environment for the preservation of starch grains, although such a discussion is beyond the scope of the present study. In any case, the marked taxonomic differences observed between the assemblages from grinding stones and pottery vessels in all studied sites suggests culinary choices and the different pathways in which plant ingredients were processed and prepared. At Datrana, macrobotanical remains and phytoliths were extremely scarce. However, the starch evidence from grinding stones suggested the inhabitants of this lithic blade workshop consumed mainly small millets and Job’s tears, complemented by small amounts of pulses, wheat/barley and ginger (García-Granero et al., 2017a). In striking contrast, small millet and Job’s tears starch grains were virtually absent from pottery vessels, which mostly included wheat/barley and a single ginger starch grain. At Loteshwar and Shikarpur, both the macrobotanical assemblage and the microbotanical evidence from grinding stones suggested that locally cultivated small millets and, to a lesser degree, Job’s tears and pulses formed the basis of the diet of the inhabitants of these settlements, complemented by wheat and barley traded in from other regions within the greater Indus Valley more prone to the cultivation of winter cereals (García-Granero et al., 2015, 2016). The starch evidence from pottery vessels, on the other hand, was mostly composed of pulses, with a minor presence of Job’s tears at Loteshwar and underground storage organs (including ginger) and wheat/barley at Shikarpur.


[image: image]

FIGURE 4. Plant foodways at Datrana, Loteshwar and Shikarpur. Comparison of the main groups of starch-rich plants identified in archeological sediments (acquired resources), grinding stones (ground resources) and pottery vessels (cooked resources). Very few macrobotanical remains were found at Datrana (García-Granero et al., 2017a) and therefore have not been included in this figure. Raw data can be found in Supplementary Table 2. Panicoideae: several small millet species and Job’s tears; Hordeeae: wheat and barley; Faboideae: several pulses, including horsegram and Vigna sp.; Underground storage organs: ginger and other unidentified resources.



TABLE 4. Plant foodways at Datrana, Loteshwar and Shikarpur.
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The evidence from the analyzed pottery vessels thus suggests that plant resources were not only acquired in different ways (cultivated, gathered or traded in) but also followed different culinary pathways. Small millets were probably ground to prepare flour-based products. Job’s tears seems to have been consumed in a similar way, possibly mixed with small millet flour. Miliacin was not detected in the lipid extracts (although perhaps more sensitive techniques are required), which might suggest millets were not cooked in vessels. Starch grains of pulses, on the other hand, are detected in both grinding stones and from pottery vessels, which might indicate they were incorporated in a wider range of meals using different processing techniques. Grinding stones may have been used both for grinding pulses into flour or used for preparing other dishes—and for splitting the seeds to form the basis of stews or soups. Starches of wheat and barley are not common in the studied sites but appear in abundance in vessel DTR116 from Datrana. Other types of starch grains were not found in this vessel, and it had a very low lipid concentration (below 5 μg/g). The detection of cereals via lipid residue analysis remains challenging, since biomarkers such as plant sterols and alkylresorcinols are highly susceptible to degradation, and their uptake into the ceramic matrix is very limited (Hammann and Cramp, 2018). All the available evidence, thus, seems to suggest that vessel DTR116 was used exclusively to prepare wheat/barley-based foods. Finally, ginger may have been ground on grinding stones and also incorporated during cooking. Based on a qualitative assessment of our reference collection, taxa within the ginger family produce notably less starch grains than cereals and pulses. Therefore, the presence of ginger at Datrana and Shikarpur, though minor, attests to its culinary use at these sites. Ginger starch grains were also documented in human dental calculus from Harappan Farmana, in Haryana (northern India) (Weber and Kashyap, 2010; Kashyap and Weber, 2013), highlighting that their use as food condiments may have been widespread across the greater Indus Valley during the Chalcolithic/Harappan period.




CONCLUSION

The combination of methods used in this study provides a unique means to explore the culinary use of both plant and animal ingredients that may not be detectable via conventional techniques in archeobotany and zooarcheology. They also provide a way to overcome interpretational limitations posed by individual methods, especially for the detection of plant remains within vessels. This preliminary study suggests the dominance of animal fats in vessels, although the interpretation of the compound-specific results is challenging, and pottery vessels may have been used to process C3 plants/oils and fats from ruminants, which is supported by microbotanical analyses. The presence of Δ13C-values similar to non-ruminant fats or other omnivorous taxa might have resulted from the combination of these ingredients, either as part of a single dish combining plant and animal foodstuffs or as a result of multiple cooking events. No differences in culinary practices can be detected across the studied sites, which had markedly different ceramic traditions and relied on different subsistence strategies. In particular, the predominance of non-ruminant fats and/or admixtures of plants and ruminant fats in pottery vessels and the use of small millets for producing flour have been observed in all studied sites. Overall, the interpretations offered are, of course, tentative given the sample size and issues of differential preservation of the molecular and microbotanical evidence but nonetheless illustrative of how finer grained interpretations may be gleaned from multi-proxy approaches of this nature. Future research in this and neighboring areas will assess whether the observed culinary continuity (spanning over a thousand years) is representative of deeper cultural practices common to prehistoric populations in northern Gujarat and other Indus regions.
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The Bronze Age in China is characterized by the appearance of bronze ritual vessels, such as gui and he pitchers and jue cups, which were symbols of high social status and likely used in ritual feasting events. Their forms imitate similar ceramic vessels made of white clay. This transformation of such ceramic vessels into their bronze counterparts took place at the Erlitou site in the Yiluo basin, North China (ca. 1,800–1,500 BC). Such white pottery types are commonly regarded as alcohol-related vessels, but there is a lack of scientific analysis of organic remains on vessels’ interior surfaces to understand their functions. In this study, we analyzed microfossil remains on 16 ceramic vessels unearthed from Erlitou and discovered direct evidence of the production and consumption of fermented beverages that were prepared using qu starter as a saccharification agent. Dakouzun wide-orifice vats may have been used for fermentation, likely in semi-solid-state fermentation conditions; narrow-orifice jars zun for storage; gui and he pitchers for heating and/or pouring the beverages; and jue cups for drinking. Monascus mold and herbs were probably used to make qu starter. Fermentation ingredients were primarily rice and wheat, sometimes mixed with broomcorn millet, Job’s tears, roots of snake gourd, among other plants. Rice and wheat were minor crops in the region, probably cultivated for special uses and received by the Erlitou elites as tributary items for making alcoholic beverages. This research demonstrates that Erlitou feasting activities involved serving luxury drinks with prestige utensils in socially exclusive spaces, which emphasized social status, wealth, and power. The development of such drinking materiality and social values coincided with increased social differentiation at the time of early state formation.
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INTRODUCTION

China’s long history of making and drinking alcohol can be traced back to the early Neolithic time (ca. 9,000–7,000 cal. BP). Residue analyses of ceramic globular jars from the Jiahu site in Henan province and the Qiaotou site in Zhejiang province indicate that such vessels once contained mixed fermented beverages of rice, honey and fruit at Jiahu (McGovern et al., 2004) and rice-based fermented beverages mixed with Job’s tears and tubers at Qiaotou (Wang et al., 2021). During the middle Neolithic period (ca. 7,000–4,900 cal. BP), fermentation and drinking vessels became more diverse regionally. In the middle Yellow River region, a rather limited number of forms of jiandiping amphorae were used for fermentation and communal drinking in the Yangshao culture (Liu, 2021). In the lower Yellow River region, on the other hand, a variety of vessels with exquisite craftmanship were used for brewing, heating, pouring, and drinking alcoholic beverages, coinciding with the development of social differentiation in the Dawenkou culture (ca. 6,100–2,600 cal. BP) (Liu, 2017; Liu et al., 2021b). As societies became more stratified during the late Neolithic period of the Longshan culture (ca. 5,000–3,900 cal. BP), the alcohol-related vessels also became more elaborate in form, specialized in function, and often appeared in concentration at large sites or elite burials. These parallel developments suggest that consumption of alcoholic beverages was an important part of feasting ritual activities at political and economic centers (McGovern et al., 2005; Underhill, 2018; He et al., 2021).

Feasts were a significant part of various rituals in prehistory, and the artifacts associated with such activities are important material remains for studying ritual behaviors and social relations in the past (Dietler and Hayden, 2001; Hayden, 2014). The ceramic assemblages for alcohol consumption, which include serving vessels (e.g., gui and he pitchers for heating and pouring liquid) and drinking vessels (e.g., jue and bei cups), became widespread in most of the Yellow River valley from the late Neolithic to the early Bronze Age. Chinese archeologists have studied these vessels for decades, exploring their origins and development mainly by studying typological changes (Gao and Shao, 1981; Du, 1990, 1992). These studies demonstrate that these vessels were the prototypes of the first bronze ritual vessels, such as gui, he, and jue, found at the Erlitou site in Henan province, the development of which marked the beginning of the Bronze Age in north China. Thus, ceramic drinking vessels laid the foundation for the emergence and institutionalization of bronze ritual vessel types, and this transformation first took place at the Erlitou site.

Despite of the importance of these vessels, there has been little scientific analysis of their functions. It is still unclear how these hypothetically alcohol-related vessels were used and what brewing methods were practiced in the Erlitou culture. To address these issues, this paper aims to provide direct evidence of the alcohol-making technology and drinking practices at the Erlitou site. By analyzing the residues on ceramic vessels and their archeological contexts, the results will shed new light on the production and consumption of alcoholic beverages at Erlitou, and on the social function of ritual feasting in the emergence of state-level civilization.



MATERIALS AND METHODS


Archeological Background

The Erlitou site in Henan province (c. 1,900/1,800–1,500 BC) was the first Bronze Age urban center and is also regarded by many as a capital of Xia, the first dynasty in China. For over 60 years, excavations have revealed a well-designed political and economic center (300 ha in area) with a clear social hierarchy in mortuary practices and residential arrangements. Elaborate ceramic drinking vessels have also been found in elite burials and in the palatial area (Liu and Chen, 2012; Figure 1). These vessels include gui and he pitchers for serving and jue cups for drinking, and are mostly made of non-local white clays (Li et al., 2010). The vessels are white, light yellow, and light pink in color (Figure 2), and the rarity of the raw materials and unusual aesthetic designs may have been symbols of the high social status of the Erlitou elites (Liu, 2003). Therefore, our sampling strategy was to primarily focus on white ceramic serving and drinking vessels unearthed from the palatial area and from an elite cemetery. Since it is also important to understand what brewing methods involved in alcohol production, we focused on two vessel types, wide-orifice vats (dakouzun; vat hereafter) and narrow-orifice jars (zun; jar hereafter), that are often assumed to be used in the fermentation process (Bao and Zhou, 2007, p. 13–23).
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FIGURE 1. Locations of pottery samples excavated from the Erlitou site in the Yiluo region. (A) General area where pottery sherds were unearthed from the eastern part of the palatial zone; (B) location of the elite tomb 2015YLVM7; (C) location of Jar4.
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FIGURE 2. Selected pottery sherds analyzed (A–J) and corresponding complete vessels (J–O). (A) Dakouzun Urn, body; (B) zun Jar2, base; (C) he Pitcher1, spout; (D) he Pitcher4, spout; (E) he Pitcher5, foot; (F) gui Pitcher1, foot; (G) gui Pitcher3, body; (H) jue Cup1, body; (I) jue Cup2, spout; (J) kecaopen grooved basin, body; (K) dakouzun urn (2001VH272:19); (L) zun jar (2001VH12:7); (M) he pitcher (2002VM4:6); (N) gui pitcher (82YLIX M10:6); (O) jue cup (2001VM1:10); (P) 2002VH87:18 (circles indicate the vessel parts corresponding to the sherds analyzed).


The ceramic samples analyzed were mostly found in close proximity to the palace foundations in the eastern section of the palatial zone. Some samples come from a tomb (2015YLVM7) ranked in the first tier of the Erlitou elite burial assemblage. This tomb is about 3 m2 in area, furnished with cinnabar on the bottom, and associated with many grave goods, including jades, turquoise beads, laquear wares, and ceramic vessels. We studied residue remains adhering to the interior surfaces of 16 pottery sherds, including one dakouzun vat, five zun jars, five he pitchers, three gui pitchers, and two jue cups, which are considered alcohol-related pottery vessels. We collected three control samples to compare with the residue samples. Two were sediments from the external surfaces of two he pitchers, which likely reflect the soil matrix around the artifacts in the archeological deposits. The third control sample was from the interior surface of a kecaopen grooved basin, unlikely related to an alcohol fermentation process. This vessel type has been found in many Neolithic and early Bronze Age sites, and may have been used for grinding/processing foodstuffs based on residue analysis (Sun et al., 2019; Reinhart, 2020). All these sherds come from the deposits from the Erlitou Phases II, IV and Upper Erligang phases, dating to around 1,800/1,700–1,400 BC (Figure 2 and Table 1).


TABLE 1. Ceramic samples analyzed.
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Methods

Four sherds (from he pitchers and a jue cup) from the elite tomb were sampled in situ during the excavation, while the rest of the sherds were cleaned by the excavators before our sampling. The process of collecting and analyzing the residue samples is as follows. Each pottery sherd was first cleaned with a new toothbrush to remove loose soil on the interior surface of the vessel. Residues adhering to the vessel interior surface were then extracted using a clean ultrasonic toothbrush and distilled water for 3 min. The residue liquid from each sample was kept in a test tube. We also used clean blades to scrape off visible residue sediments on the vessels’ interior surfaces and stored the sediments in small plastic bags.

Residue samples, including the control samples, were processed using protocols established by the Stanford Archeology Center that involve two procedures: EDTA (ethylenediaminetetraacetic acid; 0.1%) dispersion and heavy liquid (sodium polytungstate, density 2.35) separation (Liu et al., 2019). Congo red (0.1%, 1 mg / ml) was used to dye a small part of the residue of some samples to identify the presence of gelatinized starch granules (Lamb and Loy, 2005). Extractions obtained from residue samples were mounted in 50% (vol/vol) glycerol and 50% (vol/vol) distilled water on glass slides and scanned under a Zeiss Axio Scope A1 microscope fitted with polarizing filters and differential interference contrast (DIC) optics, at 200 × and 400 × to identify starch, phytoliths, and fungi. Photographs were taken using a Zeiss Axiocam HRc3 digital camera and Zeiss Axiovision software version 4.9.1.

Identification of microfossil remains was based on modern reference collections, which contain more than 1,300 plant specimens, in the Stanford Archeology Center, Stanford University. We have conducted experimental brewing of many types of plants to generate a database for identifying fermentation-related starch morphologies, which are partially published (Wang et al., 2017). We also consulted other studies on morphological alterations of cooked starch (Henry et al., 2009). Phytolith identification was based on our reference database and published information (Piperno, 2006; Lu et al., 2009). Fungi were identified according to our microbial database and published sources (Young, 1931; Bao and Zhou, 2007; St-Germain and Summerbell, 2011).




RESULTS

Our analysis revealed abundant microfossil remains, including starch granules, phytoliths and fermentation-related fungi (molds and yeast cells).


Starch Granules

A total of 743 starch granules were found in the 16 residue samples, of which 534 (71.9%) were classified into five types that correspond to certain taxa in modern reference data (Figure 3). We recorded starch counts and ubiquity measures [percentage presence, calculated as (the total number of samples that one plant taxon is identified)/(the total number of residue samples)] (Pearsall, 1989, p. 212–217) to indicate relative abundances of plant taxa. Six granules (0.8%) exhibit characteristics of underground storage organs (USOs) but could not be further identified taxonomically. Two hundred and three (27.3%) starch granules were either badly damaged or lacked diagnostic characteristics and thus were classified as unidentifiable (UNID). A great majority of starches were damaged (n = 682; 91.8% of the total; 93.8% ubiquity); causes of their morphological alternation included enzyme digestion, fermentation, and cooking (steaming or boiling) (Table 2). The damage patterns observed included the disappearance of extinction crosses (Figures 4E–H); pitting, deep channels, and broken edges (Figures 4B,D,I,J); central depressions (Figures 4F,G,J); and gelatinization (Figure 4K). These damage patterns are consistent with those appearing on fermented cereal starch granules in our reference data (Figures 3B,D,F–H,J,K) and with published information (Henry et al., 2009; Wang et al., 2017).
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FIGURE 3. Modern starch reference examples related to this paper (each starch image is shown in DIC and polarized views). (A) Broomcorn millet Panicum miliaceum; (B) mashed broomcorn millet with deep fissures and concave center in bright field; (C) job’s tears Coix lacryma-jobi; (D) mashed Job’s tears with deep fissures and concave center in bright field; (E) barley Hordeum vulgare; (F) barley fermented for 40 days with concave center, deep fissures, and pits in bright field, and disappeared birefringence in polarized light; (G) rice Oryza sativa, fermented for 18 days, concave center in bright field and blurry birefringence in polarized light; (H) rice, fermented for 1 year, blurry granule edge in bright field, birefringence only shown at the edge in polarized light; (I) snake gourd root Trichosanthes kirilowii; (J) gelatinized barley, boiled for 3 min; (K) gelatinized starch granules from the modern-day millet beer, hunjiu, produced in Yulin, Shaanxi. (Scales, A,B,G,H: 10 μm; rest: 20 μm).



TABLE 2. Erlitou starch record.
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FIGURE 4. Ancient starch granules from Erlitou pottery vessels (each starch image is shown in DIC and polarized views). (A) Paniceae; (B) damaged Paniceae with edge partially missing and deep fissures; (C) job’s tears; (D) damaged Job’s tears with pitting and deep fissures in bright field; (E) damaged Triticeae, blurry birefringence in polarized light; (F) damaged Triticeae with pitting, deep fissures, and concave center in bright field, birefringence only shown at the edge in polarized light; (G) damaged rice cluster, concave center in bright field and disappeared birefringence in polarized light; (H) damaged rice cluster, partially gelatinized, some showing complete granule shapes; (I) damaged snake gourd root with pitting; (J) damaged snake gourd root with disappeared center and deep fissures; (K) unidentified gelatinized starch; (L) starch cluster, dyed with Congo red (Scales, A–J: 10 μm; K,L: 20 μm).


When we used Congo red to stain the residue samples, the gelatinized starch granules were easily identified, showing red color in bright-field microscopy and red or orange-yellow gloss under polarized light (Figure 4L). Smoke marks were observed on the external surface of the baggy foot of the he pitcher (Figure 2E). These marks, along with the gelatinized starch granules in the pitcher samples, indicate that the liquid foods inside the vessels were heated at a high temperature.

Type I starch, identified as Panicoideae, including foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), and probably small granules from Job’s tears (Coix lacryma-jobi L.) (n = 69; 9.3% of the total), was found in four samples (25.0% ubiquity). Starch granules from these three species share some common characteristics, making it difficult to separate them precisely (Liu et al., 2014). The size range of Type I granules was 7.23–19.84 μm, and the shapes were polygonal or near circular. The hila were centric, and fissures were often observed. The damaged granules showed diagnostic features consistent with fermentation in our modern reference data (Figures 4A,B compared with Figures 3A,B).

Type II starch, identified as Job’s tears (C. lacryma-jobi L.) (n = 9; 1.2% of the total), was found in only one sample (Jar2; 6.2% ubiquity). These granules were polygonal in shape, and their size range was 14.22–23.31 μm. Their morphology differed from that of millets, but had certain characteristics consistent with Job’s tears, such as larger sizes, eccentric hila, and the extinction crosses with zig-zag arms (Liu et al., 2014; Figures 4C,D compared with Figures 3C,D).

Type III starch, identified as Triticeae (n = 129; 17.4% of the total), appeared in eight samples (50.0% ubiquity). The granules’ size range was 4.56–55.46 μm, shape was lenticular, and hila were centric. Type III starch granules were consistent with wheat or barley (Figures 4E,F compared with Figures 3E,F). However, due to damages caused by fermentation and gelatinization, some granules were larger than granules of native Triticeae starches from our modern reference data (size ranges: 6.31–35.49 μm for barley; 5.84–36.41 μm for wheat).

Type IV starch, identified as rice (Oryza sp.) and appearing in a compound form consisting of multiple small granules (2.28–9.67 μm), was found in 14 samples (87.5% ubiquity). We counted visible individual granules in order to calculate the percentage of Type IV starch present (n = 321 granules, 55 compounds; 43.2% of the total). Most individual granules were blurry without clear morphology. When the starch granules’ morphology was discernible, they were polygonal in shape. The birefringence of the granules was weak, without extinction crosses. These morphological features were consistent with fermented rice starch from our modern reference data (Figures 4G,H compared with Figures 3G,H). Rice starch granules are very small, and most of them lose their original integrity after fermentation, making it difficult to identify them. Even though some rice compounds are preserved, few granules exhibit a complete shape. Since our rice starch counts were based on the number of measurable granules, the recorded number of rice starch granules is likely to be far lower than the actual number. Despite these problems in preservation, rice starch had the most numerous counts and the highest ubiquity in the assemblage.

Type V starch, identified as the root of snake gourd Trichosanthes kirilowii of the Cucurbitaceae family (n = 6; 0.8% of the total), was found in two samples (ubiquity 12.5%). The size range was 9.95–22.33 μm. The granules’ forms included round, bell-shaped, and semi-circular. Their hila were centric or eccentric, and extinction crosses often had curved arms (Figures 4I,J comparable with Figure 3I). This plant is distributed widely in China (Wu et al., 2011b), and its root was traditionally used as famine food (Zhu, 1406) and as an ingredient for making medicinal alcohol (Li, 1981).

Only one starch granule was found in the two control samples from exteriors of he pitchers, confirming that the starches in the residues found on the interior walls of the pottery were not contaminated by the surrounding soil. In the control sample from the grooved basin, 21 starch granules were found, with a great majority (n = 20) showing characteristics of gelatinization caused by cooking (steaming or boiling) and unidentifiable taxonomically (Table 2). This basin may have been used for processing various foodstuffs, including cooked ones, thus serving as a non-alcohol related food vessel.



Phytoliths

A total of 754 phytoliths were recorded (Table 3). The morphotypes found were mainly associated with Poaceae. The most abundant morphotype, elongated psilate/sinuate in silica skeletons (Figure 5M) and in single cells from leaves and stems (n = 296; 39.7% of the total), was found in 15 samples (93.8% ubiquity). The second most numerous morphotype, double-peaked phytoliths from rice husks (n = 125; 16.7% of the total, Figure 5A), was found in seven samples (43.8% ubiquity). We also identified η-type phytoliths from broomcorn millet husk (n = 2; Figure 5N); a Paniceae husk type (n = 1); bilobates (n = 88; Figure 5E), polylobates (n = 2), and crosses (n = 30) likely from Panicoideae; and, in four samples, elongated dendriform phytoliths (n = 7; Figure 5I) that may have come from Triticeae (possibly wheat or barley) husks. Other morphotypes found include rondel (n = 16; Figure 5F), common bulliform (n = 30; Figure 5G), rice type bulliform (n = 4; Figure 5H), scooped parallel bilobate (n = 15; Figure 5D), and hair cell (n = 22; Figures 5J,K).


TABLE 3. Erlitou phytolith record.
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FIGURE 5. Phytolith remains from Erlitou pottery vessels. (A) Rice double-peak husk; (B) Job’s tears cross; (C) cross; (D) Oryzoideae scooped parallel bilobate; (E) bilobate; (F) rondel; (G) common bulliform; (H) rice bulliform; (I) dendriform husk, possibly Triticeae; (J,K) hair cell; (L) opaque perforated platelets; (M) burnt Elongate sinuate skeleton; (N) broomcorn millet η-type husk. (Scales, C,F: 10 μm; L: 50 μm; rest: 20 μm).


It has been reported that the glumes and leaves of Job’s tears produce great varieties of bilobate, polylobate, cross, and rondel phytoliths, with particularly abundant Variant-1 crosses (quadrilobate forms) in medium (11.5–15.97 μm), large (15.98–20.60 μm), and extra-large (≥20.61 μm) widths. In contrast, broomcorn millet and foxtail millet produce smaller Variant-1 crosses (<13 μm) (Duncan et al., 2019). In our samples, several crosses were classified as large-size and medium-size Variant-1 type; one was found in Jar2 (Figure 5B), in which we also identified Job’s tears starch granules. These correlated findings strongly support the existence of Job’s tears in this sample (Tables 2, 3). In addition, husk phytoliths from broomcorn millet, rice and Triticeae were identified in several samples, as were their corresponding starches, providing mutual confirmation of the existence of these cereals. Hair cells were primarily found in Jar2, as were snake gourd root starch granules. Since hair cells are often from eudicots, including Cucurbitaceae, those identified in our sample may be correlated with the snake gourd root starch granules identified (Tables 2, 3). However, the origins of hair cells remain uncertain as they have not yet been studied. One source may be snake gourd root, but more research is needed.

Opaque perforated platelet phytoliths (n = 42; Figure 5L) were discovered in eight samples (50.0% ubiquity), the majority of which were from Jar1 and Jar3. This type of phytolith exhibits regular or irregular perforations, and commonly exists in the inflorescences of daisies (Asteraceae) (Piperno, 2006:196). Asteraceae is a large family, with 18 genera and 1,145 species native to China (Wu et al., 2011a); therefore, we were unable to further identify the taxonomical origins of these phytoliths.

Abundant micro-charcoal fragments and blackened phytoliths were found in the residues from the body and foot of two he pitchers (3, 5) (Figure 5M), indicating that the vessels were in contact with fire. These findings are consistent with the presence of smoke marks on the outer wall of the foot of he Pitcher3 and with the large number of gelatinized starch granules in its residue sample, supporting the previous speculation that he pitchers were used to heat alcoholic beverages.

In the two control samples from the he pitchers, only small numbers of phytoliths from grass stems and leaves were found (n = 8, 28), and no phytoliths of millet husk and rice husk were present. The contrast between the phytolith findings in these two control samples and in the residue samples rules out the possibility of soil contamination. In the sample from the grooved basin, 60 phytoliths were recorded, including husks from broomcorn millet, rice, and Triticeae, along with other grass phytoliths (Table 3). These may be related to the various foodstuffs processed in this basin.



Fungi

Many fungal particles (n = 203), including molds (n = 177) and yeast cells (n = 26), were found in 15 samples (Table 4). The most numerous elements found were cleistothecia, which are consistent with genus Monascus molds (n = 102; 50.2% of the total; 86.7% ubiquity). Hyphae and mycelia (n = 52; 25.6% of the total) were found in 10 vessels (66.7% ubiquity); they were septate or aseptate, white or brown, and many were also consistent with Monascus molds (Figure 6).


TABLE 4. Erlitou fungi record.
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FIGURE 6. Fungi from Erlitou pottery vessels (A–D,I,K,M) compared to modern reference (E–H,J,L,N,O). Erlitou fungi: (A) Septate hyphae, with protruding part on the left, an indication of reproduction; (B) Monascus cleistothecium; (C) Monascus cleistothecium with ascospores; (D) Monascus cleistothecium connected to hyphae; (I) Monascus cleistothecium with clear peridial wall cell, asci, and ascospores; (K) clustered yeast cells; (M) mycelia. Modern fungi: (E) Hyphae, with protruding part on the right, an indication of reproduction; (F) hyphae surrounding the Monascus ascogonium, in the formation process of cleistothecium; (G) Monascus cleistothecium with ascospores; (H) Monascus cleistothecium connected to hyphae; (J) Monascus cleistothecium with clear peridial wall, asci, and ascospores; (L) S. cerevisiae yeast cells; (N) Monascus mycelia; (O) Monascus in various development states (1–3: Ascogenous cleistothecia; 4.5: Immature cleistothecia; 6: Mature cleistothecium; after Bao and Zhou, 2007; Figures 4–6) (Scales, K–N: 10 μm; rest: 20 μm).


Monascus is characterized by a cleistothecium, which consists of curved ascogenous hyphae enclosing asci that contain ascospores. The cleistothecium is spherical or oval (25–75 μm) in shape, and normally orange or red in color. Hyphae are branched and septate and ascospores are spherical (ca. 5 μm in diameter) or ovoid (6 × 5 μm). The mycelium is white during the early stages of development, but rapidly changes to orange and later to red or crimson (Young, 1931; Manan et al., 2017). The genus Monascus is divided into more than a dozen species, which are mainly found in oriental food. This fungus produces a bright red pigment, and has been used as a fermentation starter, a food pigment, and in traditional Chinese medicine. Monascus purpureus is known to have been used to make the red rice qu starter for brewing traditional rice-based red beer (Huang, 2000, p. 192–203; Bao and Zhou, 2007, p. 166–169). The morphology of the cleistothecia found in the Erlitou vessels match very well that of Monascus sp. in our reference sample (Figures 6A–D,I,M compared with Figures 6E–H,J,N) and in published information (Bao and Zhou, 2007, p. 166–169).

Yeast cells (n = 26) were found in six vessels. They were round or oval and measured 4.66–9.83 μm in size with an average of 6.76 μm. Some cells in the vat were clustered, and some appeared to be in the process of budding, characterized by one or more small protuberances on the parent cell, or by a smaller cell attached to a bigger parent cell. Their morphology is similar to that of Saccharomyces cerevisiae, which is the most commonly used yeast for alcohol fermentation (Boulton and Quain, 2001). However, we were unable to identify their taxonomy based on morphology alone in this study (Figure 6K compared with Figure 6L).

The presence of Monascus molds and yeast cells provide strong evidence that these vessels were used for alcohol fermentation and drinking. Monascus appears to have been the mold type primarily used as the fermentation agent. Jar5 had no fungal remains, suggesting that its function was different from that of other vessels.

Only two fungal elements were recovered from the three control samples. This observation is in clear contrast to the residues in the alcohol-related vessels, indicating that the abundant fungal remains in the residues were associated with alcohol production and consumption as their original function.




DISCUSSION

Based on the above analyses of various microbotanical and microbial remains in the residues, we observed the following phenomena.

(1) Fermentation method: The two most common methods of brewing cereal-based alcoholic beverages in China include the use of malts and the use of qu starter as saccharification agents (Ling, 1958). According to previous studies, if malts were used there may be husks left in the fermentation liquid, so there may be many husk phytoliths in the residues of fermentation vessels. If qu starter was used, there may be fermentation-related molds in the residues (Wang et al., 2016; Liu et al., 2019; Liu, 2021). Monascus has traditionally been used for brewing rice-based fermented beverages in China (Bao and Zhou, 2007, p.166–169). We found mold components in 15 out of 16 vessels, among which cleistothecia and hyphae of Monascus were the most common elements. The co-existence of rice starches and phytoliths with Monascus components in our samples suggests that the brewing method at Erlitou likely used qu starter with Monascus molds and rice as the fermentation agent.

The fermented beverages made by Monascus molds and rice are red, and are called hongqujiu, red mold beer. In modern times, red beer is mainly produced in Zhejiang and Fujian provinces in southern China. It is generally believed that this brewing method originated in the lower Yangtze River region and later dispersed to other regions (Bao and Zhou, 2007, p. 104–110). According to the published archeological data currently available, the history of using Monascus molds as starter for brewing beer in the Yellow River Basin can be traced back at least to the middle phase of the Yangshao culture, such as the Xipo site in Lingbao and the Dingcun site in Mianchi, all in Henan Province, dating to ca. 6,000–5,100 years ago (Feng et al., 2021; Liu et al., 2021a). Thus, the alcohol-making method at Erlitou apparently inherited the fermentation tradition that had already existed for thousands of years in the Central Plains.

It is also interesting to note that some wide-orifice vats and narrow-orifice jars both were likely related to the brewing process, given that residues from such vessels tested in this study contained abundant Monascus mold components and yeast cells. These vessels are most likely to have facilitated the semi-solid-state fermentation (semi-SSF) process, during which vats were used for primary fermentation, and jars for secondary fermentation and storage. This brewing technique is still practiced in southern China today (Bao and Zhou, 2007, p. 155–260).

The semi-SSF method is different from the earlier liquid-state fermentation technique, which used globular jars and jiandiping amphorae as fermenters during the early and middle Neolithic periods (Liu et al., 2019; Liu, 2021). The Erlitou brewing method appears to be consistent with the brewing tradition that uses Dakougang wide-orifice vats as the fermenter for making hongqujiu red beer, which may have originated in the Lower Yangzi River valley and spread to northern China. This hypothesis is based on the evidence that Monascus molds and rice starches have been found in the residues from wide-orifice vats at Xipo in Henan (Feng et al., 2021) and a Dawenkou culture site at Yuchisi in Anhui (Liu et al., under review1).

(2) Rice for beer brewing: Rice starch and rice husk phytoliths were found in 14 vessels, accounting for 87.5% in ubiquity, indicating that rice was the basic raw material for alcohol making. The microfossil analysis of the floors from a large public building and associated ceramic vessels of the Yangshao culture at the Huizui site, about 15 km east of Erlitou, showed that rice was one of the ingredients for alcohol making (Liu et al., 2018). Therefore, using rice to make alcohol may have been a local tradition.

In the Yiluo region, where Erlitou is located, rice has never been a major crop. Prior studies have identified limited remains of carbonized rice grains in only a few locations at late Yangshao, late Longshan, and Erlitou culture sites. In the flotation samples from 15 sites contemporary with Erlitou in the Yiluo region, only 19 rice grains have been recovered from five sites (Lee et al., 2019). In contrast, flotation samples from the Erlitou site have revealed abundant rice, totaling 5,687 grains, and accounting for 23.9% of the total unearthed plant seeds and 30.8% of the total unearthed crop seeds, second only to millet (11,059 grains) (Institute of Archaeology CASS, 2014). Such a clear discrepancy between Erlitou and other sites in the quantity of rice remains raises a question about the sources of rice. It is unlikely that the large amount of rice unearthed in the central area of Erlitou was produced by Erlitou urban residents themselves; thus, rice may have been a tributary item obtained from small and medium-sized settlements that mainly engaged in agricultural production in the Yiluo region and beyond.

(3) Wheat for beer brewing: Triticeae starches and/or dendriform phytoliths (from husk of Pooideae, possibly Triticeae) were found in ten vessels, accounting for 62.5% in ubiquity. They may come from wild Triticeae grasses or domesticated wheat/barley. Wild Triticeae seeds or domesticated barley were not found in flotation samples from sites dating to Erlitou period in the Yiluo basin (Institute of Archaeology CASS, 2014; Lee et al., 2019), so it is reasonable to rule out these two taxa as possible origins of these microfossil remains. Wheat was introduced to the Central Plains from West Asia through Central Asia in the late Neolithic times, around the third millennium BC (Liu et al., 2017). In the Yiluo region, carbonized wheat seeds dating to the Erlitou period have been uncovered from flotation samples, but in very small quantity. Only three wheat grains were found in Phase IV deposits at the Erlitou site, while four wheat grains were unearthed from two other Erlitou culture sites, suggesting that wheat may have been cultivated locally in limited quantities (Institute of Archaeology CASS, 2014; Lee et al., 2019). Therefore, it is likely that the Triticeae starches and dendriform phytoliths in the vessels were from wheat, which may have been produced locally in the Yiluo region and/or was obtained from places farther away. We speculate that in this early stage of the introduction of wheat to the Yiluo region, its function may have been special, perhaps primarily related to alcohol making.

(4) Millet and Job’s tears for beer brewing: Residues containing millet starches and husk phytoliths appeared in six vessels, with two husk phytoliths identifiable as broomcorn millet, together accounting for only 37.5% in ubiquity. In contrast, the abundance of millets found in flotation samples from the Erlitou site show that millets were the main crops, of which foxtail millet accounts for 60.0% of unearthed crop seeds, and broomcorn millet accounts for 8.3%. According to previous studies, the raw materials for alcohol-brewing in the Yellow River region during the Neolithic period were primarily broomcorn millet, rice and Triticeae (Liu et al., 2019; He et al., 2021; Liu, 2021). Therefore, we speculate that broomcorn millet may have also been one of the main ingredients in alcohol-making at Erlitou, although it was used less frequently than were rice and wheat.

(5) Job’s tears and snake gourd roots for beer brewing: The use of Job’s tears, snake gourd root, and other tubers for alcohol production can be traced back to the early and middle Neolithic periods (Liu et al., 2019; Liu, 2021). We found very low quantities of these in this study: Job’s tears starches and phytoliths (large Variant 1 type) were found in only one vessel, and snake gourd root starches in two vessels. These observations suggest that these traditional alcohol-making ingredients were still in use, but infrequently, at Erlitou.

(6) The relationship between starch and phytolith remains: In several cases, starch granules and phytoliths from rice, wheat, millet, and Job’s tears coexisted in the same vessels, increasing the reliability of taxonomical identification. However, there were far greater numbers of starch granules identifiable as rice, wheat, millet, and Job’s tears (n = 321, 129, 25, 9, respectively) than there were husk phytoliths from the corresponding plants (n = 125, 7, 2, 1, respectively). This observation suggests that rice, wheat, millet, and Job’s tears were probably hulled before entering these vessels, and that the existence of small amounts of husk phytolith is likely the result of insufficient hulling, rather than a result of using germinated cereals as saccharifying agents. This, along with the abundant Monascus mold elements found in the residues, indicate that qu starter was used for alcohol fermentation.

(7) Use of herbal qu starter: Most vessels revealed many phytoliths from stems and leaves (e.g., elongated psilate/sinuate morphotype), which cannot be used for taxonomical identification. Some of them may come from herbs related to making qu, commonly referred to as caoqu, or herbal qu starter. Molds and yeasts naturally attach to the stems and leaves of some plants, and the traditions of making qu by adding stems, leaves, and seeds of various wild plants can be found today in the Yangzi River valley and among the indigenous peoples in Taiwan (Ling, 1958; Yu, 2003). At present, we cannot further identify these phytoliths in our samples.

(8) Alcohol-brewing ingredients and luxury foods: When further comparing the plant types in different vessels, we can see that Jar2 has the most diverse ingredients, including rice, millet, Job’s tears, Triticeae and snake gourd root, while other vessels revealed mainly rice, Triticeae and millet. The starch types with highest counts and ubiquity were from rice (321, 87.5%) and from Triticeae (129, 50.0%), suggesting that rice and Triticeae (likely wheat, as discussed above) were the most common basic raw materials, while other plants were used much less frequently (Figure 7). In the Yiluo region, which is part of the Loess Plateau suitable for dryland farming, millets were the major cultivars in subsistence economies, while rice and wheat were minor crops (Lee et al., 2019). It is possible that rice and wheat were produced mainly for alcohol production, given that rice has been essential for making qu starter with Monascus mold and also used as the main ingredient for brewing red rice beer (Bao and Zhou, 2007), and wheat has also been a traditionally preferred cereal for making qu starter (Jin et al., 2017). The importance of rice and wheat in alcohol production suggests that they were especially needed for feasting activities of the Erlitou elites. Such characteristics, i.e., being in high demand by elites but not widely available to commoners, are typical traits of luxury foods (Veen, 2003).
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FIGURE 7. Comparison of starch ubiquity (%) and quantity among alcohol-brewing ingredients at Erlitou.


(9) Drinking practice and social relations in transition: Compared to the alcohol production and consumption in the previous Neolithic period, several changes in raw materials of fermentation, in drinking vessels, and in consumption practices appeared during the Erlitou period. First, using multiple grains and tubers/roots to make alcoholic beverages was a long-lasting tradition during the Neolithic times in the Yellow River region. Based on the analysis of the jiandiping amphorae of the Yangshao culture, brewing ingredients included mainly broomcorn millet, together with rice, Job’s tears, Triticeae, snake gourd root, yam, and lily, among others (Liu, 2021). This Neolithic tradition, using mostly staple foods for alcohol making, was gradually replaced by methods that used only grains as brewing ingredients in the historical period (Bao and Zhou, 2007). This transition may have taken place in the Erlitou culture, when rice and wheat became primary ingredients, while millet and roots/tubers declined in use. If rice and wheat, being luxury foods, were obtained by Erlitou elites from tribute goods, the ability to make alcoholic beverages with such food items would have demonstrated their prestige, wealth, and power. Second, during the Neolithic Yangshao culture, jiandiping amphorae used for both production and consumption of alcoholic beverages were ordinary vessels, frequently found in all archeological contexts. Communal drinking through reed straws may have been a common practice in feasting activities which took place in public buildings or central plazas in settlements. Such a feasting tradition apparently emphasized group solidarity and social inclusion (Liu, 2021). In contrast, the alcohol-related pottery assemblage at Erlitou is composed of specialized vessel forms used for brewing, storing, serving (heating and pouring), and drinking, suggesting more elaborated procedures involved in feasting activities. Serving and drinking vessels made of white clay were likely also luxury items, which have been found mainly in the walled palatial areas and elite burials. These changes indicate that the feasting activities may have been socially exclusive in nature. Considered together, serving luxury drinks with prestige utensils in socially exclusive spaces may have become the focus of ritual feasting held by the Erlitou elites, which also emphasized social status, wealth, and power. These changes in drinking materiality and social values occurred in the late Neolithic Longshan culture (Underhill, 2018), and became more formalized and perhaps institutionalized at Erlitou, coinciding with greater social differentiation and heightened elite power at the time of early state formation.



CONCLUSION

Based on multiple lines of evidence from microfossil analyses in this preliminary study of Erlitou pottery vessels, we can tentatively reconstruct the processes of alcohol production and consumption at Erlitou, the first Bronze Age urban center in north China. Various ceramic vessels were involved in these processes. Dakouzun wide-orifice vats were used for fermentation, likely in semi-solid-state fermentation conditions; zun narrow-orifice jars for storage of the beverages; gui and he pitchers for heating and pouring; and jue cups for drinking. The brewing method likely first prepared qu starter with Monascus mold, also added herbs to aid fermentation. The brewing ingredients may have included primarily rice and wheat, sometimes mixed with broomcorn millet, Job’s tears and roots of snake gourd. Rice and wheat may have been partially received as tributes from the surrounding settlements in the Yiluo region and beyond.

The use of precious white clay to produce alcohol-related serving and drinking vessels also indicates that alcohol consumption was a high-ranking elite activity. Such feasting events involving fermented beverages, held in palaces and associated with elite burial rituals, coincided with the growth of elite power and social stratification at Erlitou. Alcohol apparently played a significant role in the emergence of the first Bronze Age state in China, a research topic which has not yet been explored adequately. This study opens a new window for further investigation of alcohol-related material remains and social activities, as well as their relation to state formation in prehistoric China.
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FOOTNOTES

1Liu, L., Wang, J., Chen, X., and Liang, Z. (under review). The quest for red rice beer: transregional interactions and development of competitive feasting in Neolithic China. Archaeol. Anthropol. Sci.
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The Dingsishan Site, located in Nanning City, Guangxi Zhuang Autonomous Region, is one of the most important Neolithic archaeological sites in the Lingnan region of China’s southeastern seaboard. Plant microfossil remains recovered from excavated artifacts and human teeth suggest that the site’s ancient inhabitants practiced a subsistence system based on foraging. Wild plant food resources dominated their vegetal diet. Starch granules extracted from residue samples represent various taxa, including plant roots and tubers, aquatic plant fruits, beans, and wild cereals, defining the primary vegetal diet of Dingsishan’s Neolithic occupants. In addition, residue samples from shell artifacts yielded starch granules and phytolith remains, providing significant clues as to the function of these tools. We also identified millet starch granules from Dingsishan Cultural Phases 3-4 (ca. 7,000–6000 BP), albeit in extremely low quantities. Holocene paleoecological conditions in the Lingnan area provided diverse and plentiful wild food resources, allowing the relatively late emergence of agriculture. Our study suggests that Middle Neolithic human groups in the Yong River drainage consumed various plants, and their subsistence pattern was relatively stable through the four Cultural Phases identified at Dingsishan. Our conclusions enhance understanding the diversity of plant food resources exploited by foraging societies and interpretations of differences in patterns of agricultural origins in different ecological regions of China.
Keywords: ancient starch, prehistoric subsistence, foraging, residue analysis, phytolith analysis, Dingsishan site
1 INTRODUCTION
The Lingnan area refers to the Nanling (or Wuling) Mountains and geographical areas to the south, mainly encompassing the Chinese province-level subdivisions of Guangdong, Guangxi, Fujian, and all administrative districts south of the Nanling Mountains. The Lingnan area today is a mixed subtropical and tropical monsoon zone characterized by a warm and humid climate with great biodiversity that is exceptionally plentiful. Abundant natural resources and a salubrious climate provided a favorable environment for the development of prehistoric human cultures. Ancient humans have occupied the Lingnan area since the Paleolithic period (>12,000 BP), forming prehistoric cultures with distinctive regional characteristics. Extensive archaeological fieldwork has been carried out in the Lingnan area since the 1930s, accumulating a substantial database (Gong and Gong, 2013). Early-Middle Neolithic cultural characteristics and sequence of development in the Lingnan area have long been important topics for scholars from many related disciplines.
The cultural behavior of prehistoric people is closely related to their ecological context. Neolithic cultural groups in the Lingnan region and neighboring Southeast Asia expressed complex and diverse subsistence patterns, which were quite different from those of contemporaneous cultures in the Chinese Central Plains and the middle-lower reaches of the Yangtze River (Han, 2012). A subtropical climate provided abundant and diverse biological resources for ancient people, facilitating the acquisition of animal and plant resources essential for human survival. However, this paleoecological situation also dampened the development of agriculture in the Lingnan area, where foraging subsistence systems based on hunting-fishing-gathering persisted well into the Holocene.
The economic strategies of prehistoric foragers in southern China and greater Southeast Asia, as well as the transition to agriculture in these regions, have been the subject of intensive investigation in recent years (Higham, 2013; Yang et al., 2013a; Cheng et al., 2018; Denham et al., 2018; Oxenham et al., 2018; Yang et al., 2018; Deng et al., 2019). Carbonized plant remains are essential evidence to facilitate discussion of the human use of ancient plant resources. However, moist and acidic subtropical soils in the Lingnan region often prevent plant remains from being well preserved. Evidence directly documenting the foodways of ancient people is very rare, thus hindering our understanding of the subsistence patterns of this area’s prehistoric inhabitants (Chen, 2016; Yu, 2018). These problems have thus far prevented the systematic and complete understanding of Early-Middle Neolithic Cultures in this area. As a result, plant microfossils become particularly important. Phytolith and starch granules in plants, especially, can provide solid evidence and support for the resolution of the questions outlined above.
Archaeological fieldwork conducted at the Dingsishan Site uncovered numerous artifacts and human remains, which has facilitated the application of multidisciplinary research approaches and provided a body of materials to enhance our understanding of the essential characteristics of Early-Middle Neolithic culture and ancient human economic activities in the Lingnan area (Fu et al., 1998; Fu, 2002). In our study, plant residue analysis was applied to materials unearthed from the Dingsishan Site. Starch remains from archaeological contexts at Dingsishan are fully described in this paper.
2 ARCHAEOLOGICAL CONTEXT
The Dingsishan Site (22°43′48″ N, 108°28′6″ E, ca. 70 m above mean sea level) is a well-preserved shell midden located on the first terrace of the right bank of the Bachi River, a tributary of the Yong River, approximately 3 km south of the Yongning District center, in the Guangxi Zhuang Autonomous Region, South China (Figure 1). The site was found in 1994 and excavated in 1997; subsequently, the Institute of Archaeology of the Chinese Academy of Social Sciences conducted excavations there between 1998–2000. The site extends over an area of roughly 5,000 square meters at present. Its stratigraphic profile is divisible into seven layers which yielded a total of 331 human burials and a large number of artifacts, including pottery, lithics, animal bones, and shell artifacts (Fu et al., 1998; Fu, 2002). Based on artifact typology, stratigraphic correlations, and chronological work conducted at adjacent archaeological sites, the Dingsishan cultural sequence can be roughly divided into four chrono-phases: Phase 1, ca. 10,000 BP; Phases 2-3, 8,000–7000 BP; and Phase 4, ca. 6000 BP (Fu et al., 1998; Chen, 2021). Artifacts unearthed from Phase 1 deposits include perforated stone tools and tektite flakes, as well as a small number of pottery sherds mixed with fine sand. Phases 2-3 are referred to as Dingsishan Culture, part of a complex of similar material culture widely distributed in southern Guangxi, especially in Yong River Valley, during the Early-Middle Neolithic. Human burials and substantial quantities of pottery, lithics, shell and bone artifacts were unearthed from these Dingsishan Culture layers. Various modes of human interment are known, especially the unique burial custom of dismemberment. Very few funerary objects were discovered in these graves. In Phase 4, the quantity of lithic artifacts decreases significantly over those of Phases 2-3 and shell implements disappear completely. Ceramic technology improved dramatically with the adoption of the potter’s wheel and higher firing temperatures (Fu et al., 1998; Fu, 2002).
[image: Figure 1]FIGURE 1 | Geographic location of the Dingsishan site and other Neolithic Site mentioned in this paper.
3 METHODS AND MATERIALS
3.1 Plant Residue Analysis
Plant microfossil residue analysis has been comprehensively applied in archaeology during recent years (McGovern et al., 2017; Prebble et al., 2019; Wang et al., 2019; Barber, 2020; Zhang et al., 2021; Guan et al., 2022). In our study, residue samples were collected from the surfaces of artifacts and human teeth unearthed from the Dingsishan Site. Human teeth were selected from 78 individuals unearthed from 76 graves belonging to Phases 2-4 (Fu et al., 1998) (Supplementary Table S1). The artifacts sampled derive from all the four phases. A total of 91 lithic, 20 shell, and 11 bone artifacts were selected for sampling. We collected both dental and artifact residue samples according to protocols established by Pearsall et al. (2004) and Guan et al. (2014). The residue samples comprise three sediments: Sediment I (Sed I), deposits attached to the surface of human teeth and artifacts; Sediment II (Sed II), liquid samples obtained by washing the specimens’ surfaces with distilled water; Sediment III (Sed III), liquid samples derived by ultrasonic cleansing of teeth and artifacts. Soil was rarely found adhering to dental specimens so only Sed III samples were collected in those cases.
Residue samples were gathered from different sediment-types for several reasons. Sed I samples reflect a micro-residue originating in soil, while Sed II samples, which are obtained by wet brushing, are thought to contain matter from both soil and the deep surfaces of the sampled specimens. The main aim of the wet brushing is to isolate Sed I and Sed III, to mitigate cross-contamination from Sed I to Sed III. In this case, Sed I samples are equally as important as Sed III samples since both can provide valid indications, while Sed II samples are difficult to analyze because they are, by definition, mixtures of multiple points of origination. Therefore, Sed II samples are not discussed further here. The taxa and amounts of starch granules in each sediment sample are used as indicators to evaluate which taxon/taxa were derived from soil contamination and which were formed as the result of ancient human behaviors.
Finally, 79 dental and 285 artifact residue samples were collected and processed in the Key Laboratory of Vertebrate Evolution and Human Origins of the Chinese Academy of Sciences in Beijing. The experimental process followed that of Guan et al. (2010), integrating several laboratory operations (Chandler-Ezell and Pearsall, 2003; Pearsall et al., 2004). Processing included the following steps: concentration, deflocculation, and heavy liquid flotation. Starch granule and phytolith extraction slides were observed with a Nikon Ni-E biological polarizing microscope. 100% glycerol was used as a mounting medium for starch and phytolith extractions. NIS-Elements D3.2 software was applied for the photography. Both phytolith and starch slides were viewed at 200–3×00 magnification and photographed at ×400 magnification.
3.2 Geometric Morphometric Analysis of Starch Granules
Geometric morphometry analysis has been widely used recently in many disciplines such as entomology, aquatic biology, medical science, paleoanthropolgy, and archeology (e.g,.Slice, 2007; Mitteroecker and Gunz, 2009; Addis et al., 2010; Webster and Sheets, 2010; Adams and Otárola-Castillo, 2013; Park et al., 2013; McNulty and Vinyard, 2015; Savriama, 2018) with accompanying advances in the anslysis of objects’ shapes. This method allows us to visualize differences among complex shapes with nearly the same facility. Moreover, it avoids the shortcomings of varying data sources, non-repeatability, and the size and shape data can be calculated altogether (Chen, 2017). The technological detail see Bookstein (1997) and Zelditch et al. (2004), thus will not be elaborated in this paper. In our study, 35 landmarks were assigned on each single starch granule, presenting the contour, location of hilum, and the extinction cross curvature of individual starch granule (Figure 2) (Zhang et al., 2021). Thin Plate Spline (TPS) files (landmark configurations) were imported into MorphoJ software (Klingenberg, 2011), for General Procrustes Analysis (GPA) and Canonical Variate Analysis (CVA). CVA assumes that the covariance structure within all groups is the same, therefore, a pooled within-group covariance matrix is used throughout for CVA and for computing distances between pairs of groups. The Mahalanobis distance matrix and Procrustes distance matrix may help explain group similarities and differences. In addition to CVA, our study also applied a supervised machine learning method to modern starch geometric morphometric data for model training (for technical details, see Zhang et al. (2021). In order to maximize the reliability of the machine learning model results, we adopted 95% accuracy as the standard of model usability, therefore, we regarded labels with an accuracy of 95% or more in the predicted results as valid, while labels with an accuracy of less than 95% were doubtful and are not presented here.
[image: Figure 2]FIGURE 2 | Definition of the 35 landmarks on starch granule. (A) Extinction cross with no bend; (B) each arm with one bend; (C) each arm with two bends; and (D), each arm with three bends (based on Zhang et al., 2021).
No matter what starch ideintification method is used, the contal groups, datasets derived from modern starch granules, are extremely essential (Figure 3). We have thus far compiled a modern reference database of more than 98 starch-producing taxa including both domesticated and wild taxa. For the geometric morphometric data extraction, some plants, such as certain species of Colocasia, produce extremely small (<5 μm) starch granules, and are thus inappropriate for the acquisition of landmark configurations. As a result, 57 taxa were included in our quantitative examination. Phytolith classification was based completely on published resources (Yang et al., 2009; Liu et al., 2011; Wan et al., 2011a; Wan et al., 2011b; Yang et al., 2013b; Yang and Perry, 2013; Liu et al., 2014; Wan et al., 2016; Liu et al., 2019; Ma et al., 2019; Li et al., 2020).
[image: Figure 3]FIGURE 3 | Modern plant starch references included in this paper. (A) Pueraria lobata (B) Amorphophallus virosus (C) Pinellia ternata (D) Zizania aquatica (seed) (E) Acorus tatarinowii (F) Canavalia gladiata (G) Vigna umbellata (H) Trapa bispinosa (I) Nelumbo nucifera (root) (J) Sagittaria trifolia (K) Bolbostemma paniculatum (L): Polygonatum sibiricum.
4 RESULTS
Starch granules, phytoliths and small quantities of plant tissue fragments were revealed from the extracts (Table 1). Pollen, bordered pits, epidermal fibers and cells of unknown biological origin, and other organic fragments were also recovered from all three sediment types in extremely low frequencies and lacking distinguishing biological attributes, thus they are not included in this paper.
TABLE 1 | Frequency of plant microfossil remains at the Dingsishan Site.
[image: Table 1]4.1 Starch Granule Analysis
A total of 887 starch granules was recovered from all three sediments types of residue samples (Figure 4), among which 32 were extracted from Sed I, 147 from Sed II, and 708 from Sed III (Table 1). Among these starch remains, 221 are seriously damaged or lack of identifiable features. Therefore, 666 granules (75.08% of the total) are examined in detail. We compared granules from Sed I with III by image comparison and geometric morphometric analysis to exclude contamination in Sed III, resulting in starch granules originating from human behavior during the occupation of the site.
[image: Figure 4]FIGURE 4 | Starch granules from Dingsishan Sed III plant residue samples. (A) Polyhedron starch granule (B) Polyhedron starch granule (C) Polyhedron starch granule (D) Polyhedral spheroid starch granule (E) Polyhedron starch granule (F) Polyhedral spheroid starch granule (G) Polyhedron starch granule (H) Semi-ellipsoid starch granule (I) Bell-shaped starch granule (J) Ellipsoid starch granule (K) Ellipsoid starch granule (L): Ellipsoid starch granule (M): Ellipsoid starch granule (N): Drop-shaped starch granule (O): Ellipsoid starch granule (P): Drop-shaped starch granule (Q): Ellipsoid starch granule (R): Ellipsoid starch granule (S): Ellipsoid starch granule (T): Fan-shaped starch granule (U): Elongated-ellipsoid starch granule.
4.1.1 Morphological Classification
All recovered starch granules can be divided into the following categories by simple geometric and other visible characteristics:
Type 1, Semi-spheroidal, ellipsoidal, and elongated-ellipsoidal granules. The main two-dimensional shapes are oblong, ovate and irregular fan-shaped. The diameter range of these granules is 5.84–36.27 μm. This granule type always exhibits an eccentric hilum, remarkable lamellae and bent extinction crosses, therefore this type is easily distinguished from others. Granules of this type may be produced by roots and tubers of both terrestrial and aquatic plants.
Type 2, Polyhedral starch granules. The two-dimensional shapes are polygonal or circular with invisible lamellae, pronounced fissures and centric to slightly eccentric hilums, ranging 4.91–22.86 μm in size. Starch granules of this type were probably produced by Panicum sp., Setaria sp. (including wild species and domesticated species such as millet) and other Poaceae seeds. In addition, Figures 4K–M and o could be identified as the tribe Triticeae based on morphology and size (Yang and Perry, 2013). And the bell-shaped starch grains such as Figure 4I are mainly associated with roots and tubers in southern China, but some acorn, such as Cyclobalanopsis, contain similar starch grains, it is difficult to distinguish these granules according to traditional typology method. Therefore, more precise quantitative analytical methods are used in our project and the additional results are displayed at 4.1.2 (Wang, 2017).
Type 3, Polyhedral or spheroidal body with an extremely small diameter range. Most of the two-dimensional shapes are rounded polygons, and the rest are almost circular. These granules have smooth surfaces and invisible lamellae. No clear extinction cross or hila position can be observed due to the small size of the granule bodies. The diameter range of these granules is 4.25–9.18 μm. These starch granules resemble the morphology of modern specimens of the Araceae, according to our reference database (Figure 3B) and published literature (Wan et al., 2011a).
Type 4, Kidney bean shaped granules, which include starch from legumes (Family Fabaceae), ranging 8.56–17.28 μm in size. according to our modern reference database (Figure 3F) and published literature (Wang et al., 2013). These granules exhibit visible fissures and lamellae, with mostly invisible hilums. Furthermore, the center of the extinction crosses appears as a dark linear area and the extinction crosses themselves are “χ” shaped.
Type 5, Drop-shaped granules. This type features close and eccentric hila, visible lamellae and almost no fissures. The two-dimensional shapes are mostly tri-rounded corners ovoids or drop-shaped ovoids. The diameter range of these granules is 6.75–26.52 μm. According to recent studies (Yang et al., 2009), starch granules probably derive from Quercus acorns and, especially, nuts of the Chinese chestnut, Castanea mollissima.
This classification does not effectively assess the differences between Sed I and III, thus more precise quantitative analytical methods are needed.
4.1.2 Geometric Morphometric Analysis and Evaluation of Contamination
Landmark configurations of all recovered starch granules were applied to CVA and machine learning algorithm analysis. The distribution of canonical variates (CVs) showed that the geometric morphometric characteristics of starch granules in Sed I and Sed III defined two peak values (Figure 5), and the Mahalanobis distance also showed apparent differences between the groups (p value < 0.0001), suggesting different dominant sources of the two samples. In this case, most of the starch granules from Sed III are considered the result of human use of artifacts and chewing food. For a better understanding, we displayed the canonical variates calculated from Sed III starch granules and modern starch granules on a two-dimensional scatter plot, thereafter, compared the overlap scatters to infer which plant taxa the Sed III starch granules belong to. Scatter plot results of CVA with confidence ellipses (probability = 0.95) (Figure 6) reflect a clustered relationship and distribution region that may be formed by geometric data of different types of starch granules, and provide important reference data for further distinguishing starch granule groups with obvious or unique morphological characteristics. However, the results presented here cannot cover all the canonical variates simultaneously and, as a result, we cannot quantitatively count and analyze species information on starch granules according to CVA data, and the mathematical distance between groups does not support detailed classification of starch granules in a more quantitative way. In order to present more accurate and specific recognition results and exlude soil contamination in Sed III samples, a SVM model was applied from which a list was acquired (Table 2), suggesting taxa possibly derived from soil sediments.
[image: Figure 5]FIGURE 5 | Canonical variable frequency bar chart of Sed I and Sed III samples from the Dingsishan Site.
[image: Figure 6]FIGURE 6 | Confidence ellipses (probability = 0.95) based on Canonical Variate scatter plot of CV1 and CV2.
TABLE 2 | Extrapolated identification of archaeologically-derived starch granules from the Dingsishan Neolithic site.
[image: Table 2]These results establish that Castanea mollissima, Bolbostemma paniculatum, Maranta arundinacea, Panicum miliaceum, Polygonatum sibiricum, Pueraria lobata, Sagittaria trifolia, Saururus chinensis, Setaria italica, Trapa bispinosa, and Zizania aquatica may be considered positive taxa (model accuracy ≥95%) (Table 3), among which wild species dominate the assemblage. These taxa are regarded as indicators of human activity during the period of the site’s occupation. The taxa possibly derived from soil will not be discussed below.
TABLE 3 | Positively identified plant taxa (SVM model accuracy ≥95%) from the Dingsishan site.
[image: Table 3]One issue should be considered that, the size of starch granules is an important index when identifying foxtail millet and broomcorn millet (Yang et al., 2012). In view of its low quantity, and weakly positive in geometric morphometric analysis, we suggest to consider the five granules of foxtail and broomcorn millets as the subfamily Panicoideae.
4.1.3 Starch Taxa Associated With Different Cultural Stages at Dingsishan
As previously stated, the Dingsishan archaeological deposit can be separated into four cultural stages, among which Phases 2-3 are defined as Dingsishan Culture. In consequence, positively identified Sed III starch granule taxa are categorized into six groups according to cultural stage and specimens sampled: 1) artifacts from Cultural Phase 1 (A01); 2) artifacts from Cultural Phase 2 (A02); 3) artifacts from Cultural Phase 3 (A03); 4) artifacts from Cultural Phase 4 (A04); 5) human teeth from Cultural Phase 2-3 (T02-03); and 6) human teeth from Cultural Phase 4 (T04). SVM predictions for each group (see Table 3) suggest that the Dingsishan starch granules (n = 465) likely derive from terrestrial plant roots and tubers (58.49%), aquatic plants (32.26%), legumes (6.67%), nuts (1.29%) and cereal grains (Panicoideae seeds) (1.08%). The Panicoideae seeds were present only in Phase 3 and 4 at low percentages. Cultural Phase 1 shows a pattern distinguishable from Phase 2 and 3. Wild taxa represented are mainly subtropical species, among which Manihot esculenta (cassava or manioc) and Maranta arundinacea (arrowroot) are not native to China. They appear on the list of identified species because, in the process of determining unknown starch granules, the SVM model searched for the most similar subset in the control group and output the label of that most similar group for the unknown starch granules. This does not mean that these two plants are actually Manihot esculenta and Maranta arundinacea but, rather, that their starch granule morphologies are highly similar to those taxa. Due to the great diversity of plants in Guangxi, our modern starch database does not include all the wild root and rhizome resources that may have existed during the Neolithic period, thus this problem occurs. One way to solve this problem is to expand the scale of the control group and provide more accurate predictive models in future work.
4.2 Phytolith Remains and Plant Tissue Fragments
At Dingsishan, 235 phytoliths from tooth samples and 641 phytoliths from three stratigraphic levels of artifacts were recovered (Figure 7). In summary, 816 specimens were extracted from Sed III samples. These phytoliths were classified into eight types based upon criteria provided by Lu et al. (2006) including Elongate, Fan-shaped, Saddle, Square, Bilobate short cells, Cylindrical polylobate, Globular echinate and other irregular-shaped. Fan-shaped and Elongate forms appeared most frequently, suggesting these phytoliths might belong to the Bambusoideae (bamboos), Palmae (palms), or Chloridoideae (tropical and sub-tropical grasses) taxonomic groups. We also identified several unknown taxa with conspicuous morphological characteristics. Phytolith analysis failed to yield evidence of cultivation, indicating that foraging may have been the most sustainable subsistence pattern for Dingsishan’s Neolithic inhabitants.
[image: Figure 7]FIGURE 7 | Phytoliths recovered from Dingsishan plant residues. 1. Bilobate 2–3. Short cell (Two-spiked rondels) 4–6. Bulliform cells 7–9. Globular echinate 10. Rectangle 11. Elongate echinate; 12. Elongate sinuate 13–16. Polyhedron from wood 17. Smooth elongate 18. Elongate from wood.
5 DISCUSSION
In this study, starch granules and other plant microfossils extracted from human dental remains and artifacts provide considerable evidence for exploring human diet and subsistence patterns at Dingsishan. We suggest that the Neolithic inhabitants of the site utilized underground storage organs as their primary source of vegetal food (Table 4). Roots and tubers, rich sources of energy, are usually easy to gather and process, and are thus one of the most common plant food resources exploited in both prehistoric and modern times. Fruit of the aquatic plant, Trapa bispinosa (water caltrop) and tubers of Sagittaria trifolia (Chinese arrowhead) are rich in starch, which can provide the necessary energy for human survival. Nuts and grains also occupy a place in human plant recipes, but in relatively low percentages. In addition, in terms of the identifiable starch number among all the results, except for Amorphophallus virosus, Maranta arundinacea, and Sagittaria trifolia, the identifiable quantity of other plant species is tiny under the strictly statistical standards, which limits our discussion about how Dingsishan people consume and utilize these plants.
TABLE 4 | Starch taxa associated with different cultural stages at the Dingsishan Site.
[image: Table 4]The utilization of wild plant resources was an essential part of ancient human subsistance behavior for millennia at Dingsishan, throughout all four Cultural Phases. However, during Cultural Phases 3 and 4, Panicoideae seeds evidenced by the starch remains are present, while this discovery shows low quantity (n = 5) and weakly positive characteristic in geometric morphometric analysis, it surely suggesting a subtle change during Cultural Phase 3. Therefore, current evidence is insufficient to determine whether cultivation behavior leading to the subsequent millet agriculture appeared at that time. Nevertheless, these data may indicate that Dingsishan’s Neolithic occupants were in a transitional period of plant resource utilization during Cultural Phases 3-4 when they attempted to intensify the utilization of seed plants, paying greater attention to the acquisition and utilization of cereal grain resources than previously.
It is noteworthy that 315 starch granules in Sed III were extracted from shell knives (or spatulas), which accounted for 59.4% of the total starch granule yield from artifacts (n = 530) in Sed III. Taxonomically identifiable starch granules recovered from shell implements came mainly from roots and tubers, perhaps indicating that implements such as shell knives were used mainly for gathering and processing roots and tubers. Scholars have argued that South China may have been a relatively stable tropical agricultural zone with roots and tubers constituting the principal cultivated crops (Li, 1990; Zhao, 2006). However, carbonized or otherwise preserved roots and tubers are rarely found in archaeological contexts due to the high moisture and acidity of tropical soils. It is difficult to demonstrate the existence of root- and tuber-based agriculture based on the quantity of plant remains available for study. Morphological standards for distinguishing domesticated root and tuber remains are still unclear, which limits our ability to provide extensive discussion of this issue. Our results suggest that roots and tubers existed for a long period (Phases1-4) at Dingsishan, and in larger proportions.
A foraging strategy dominated subsistence systems in the Lingnan region for a long period during the Early-Middle Neolithic. Previous studies have proposed that rice agriculture and planting techniques were introduced into this area from the Middle and Lower Yangzi Valley about 5,000–4000 BP (Zhang and Hung, 2009; Chi and Hung, 2012). Currently, the earliest direct evidence of rice agriculture in the Lingnan region comes from the Shixia and Laoyuan sites in Guangdong Province where carbonized rice grains have been dated directly to 4,347–4,090 and 4,419–4,246 Cal BP, respectively (Yang et al., 2017; Yang et al., 2018). Moreover, Deng et al. (2022) published their new discovery of Gancaoling Site, for where the ancient human cultivated rice together with a small portion of foxtail millet around 4,800–4,600 cal. BP. So far, no clear evidence of early agriculture at contemporaneous sites farther south in the Yong River Valley in Guangxi has been detected; the earliest evidence of rice agriculture in Guangxi is a diagnostic Oryza phytolith found at Dingsishan in Cultural Phase 4 deposits (Zhao et al., 2005). However, our study detected no clear evidence of rice farming, such as rice phytoliths and starch, which may be a function of the number and type of samples selected for analysis. Since the distribution of plant residues is random, and the microfossils which attached to artifacts and human teeth are easily destroyed by human activities and the preservation condition, we suppose that the different source of samples selected by us and Zhao et al. (2005) led to the different results. Current archaeological evidence and our research suggest that Phase 4 at Dingsishan was probably a transitional period with respect to human subsistence patterns (Chen, 2016). Therefore, plant remains associated with Dingsishan Phase 4 are considered significant evidence for exploring this transformation. We expect accumulating follow-up research results to clarify this critical transition to developed agriculture.
The Guangxi Zhuang Autonomous Region, where the Dingsishan Site is located, is bisected by the Tropic of Cancer and is bordered by tropical seas to the south, the Nanling Mountains to the north, and the Yunnan-Guizhou Plateau to the west. Mountains and hills dominate the terrain. Numerous rivers, abundant water resources, and a complex coastline are all typical. The region has a warm climate with high average annual rainfall and sunshine amounts. The average annual temperature is 17.5–23.5°C. According to paleoclimatic and paleoenvironmental studies conducted in Guangxi (e.g., Li, 1998; Zhang et al., 2000; Zhang et al., 2003), the Lingnan region began to enter a warming period in the early Holocene about 10,000 years ago, during which various plants, especially broad-leaved species, rhizomes and herbs, greatly increased, providing abundant fruits, green leaves and tubers for human consumption. Our results indicate that such wild plant resources were crucial to the prehistoric occupants of Dingsishan. They apparently gathered and consumed wild plant resources such as roots and tubers, beans and aquatic plants, nuts and grains, indicating the extensive use of diverse plant resources. Roots and tubers are usually easy to gather and process; thus, they are considered one of the most common food resources in both prehistoric and modern times. Aquatic plants are widely distributed in the subtropical zone. For Dingsishan’s prehistoric inhabitants, living as they did along a river, obtaining such resources was very time- and labor-efficient, with a high resource return rate. Nuts and grains also occupied a place in plant recipes, but the proportions of these two plant resources are relatively low. Our analysis confirms that the Lingnan region’s hydrothermal conditions and natural environment fostered a level of biodiversity that gave the region’s ancient inhabitants ready access to diverse food sources and delayed the process of agricultural development.
6 CONCLUSION
We identified several types of plant starch from Dingsishan plant residue samples. Geometric morphometric analysis indicates that these starch granules might derive from plant underground storage organs, aquatic plant fruits and tubers, and a small number of nuts and cereals. These plant micro-remains reflect the diversity of the vegetal food resources exploited by the Lingnan region’s prehistoric inhabitants between roughly 10,000 and 6,000 years ago. Terrestrial plant roots and tubers, and aquatic plant edible parts occupy the most crucial position in the diet structure of human beings during various cultural periods. In brief, gathering was the principal means by which prehistoric humans obtained plant food resources.
Dingsishan is the best-preserved Early-Middle Neolithic shell midden site yet discovered in Guangxi. It provides important information to enhance our understanding of the cultural characteristics and chronology of prehistoric Guangxi and the greater Lingnan region. Conducting a systematic study of the animal and plant remains in this site can reveal the unique economic patterns of prehistoric people in the Lingnan region and provide better understanding of regional diversity and common developmental trajectories of prehistoric human subsistence patterns.
What pathways did the emergence and development of agriculture in prehistoric South China follow? This question has been common among archaeologists for the past several decades. Today, many scholars are still focused on reconstructing the processes of subsistence change in their entirety. Plant residue analysis provides a unique perspective to enhance discussions of these issues. Archaeobotanical studies tend to concentrate on evidence of specialized agricultural food production, and such research has focused predominantly on data regarding farming economies, while problems such as the use of plant foods in hunter-gatherer contexts and how foraging peoples obtained and cultivated plant foods are discussed less or such discussions are at least limited by a relative paucity of substantiating evidence. Research on plant micro-remains from archaeological contexts needs to continuously accumulate, embracing the latest investigative technology and information efficiently and comprehensively to inexorably establish an effective and comprehensive interpretive database.
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The Zang-Yi Corridor is of pivotal significance for the interactions between northwest China, southwest China, and mainland Southeast Asia. It has been hypothesized that the formation of mixed farming in this region and its surrounding areas was based on multiple waves of crop dispersal, with foxtail millet and broomcorn millet arriving first from northwest China around 5,300 cal. BP and rice from middle Yangtze valley after 4,700 cal. BP. Based on the systematic sampling and direct dating conducted at the Guijiabao site, Sichuan Province, this study demonstrates that by no later than 5,000 cal. BP, mixed farming had already emerged in the south part of Zang-Yi corridor, which was much earlier than expected before. With this new evidence, it is argued that the transformation into farming in Southwest China was based on the dispersal of a crop package comprising foxtail millet, broomcorn millet, and rice instead of different waves of introduction. A further comparison of all archaeobotanical data in this region revealed that crop patterns varied significantly between different sites because of their diverse environmental conditions.
Keywords: rice, millet, phytolith, mixed farming, crop dispersal, southwest China, mainland Southeast Asia
INTRODUCTION
The emergence of agriculture is of profound significance in human history, as it brought thorough change to the lifestyle of human beings and set a solid economic foundation for the further progress of human societies (Childe, 1936; Bellwood, 2005; Bellwood, 2013; Fuller and Stevens, 2019). However, the transformation into farming for most parts of the world was counted on the diffusion of domesticated plants and related technologies (Bellwood, 2013; Fuller and Lucas, 2017), as the origin of agriculture only happened in limited centers around the world (Diamond, 2002; Fuller, 2010). Continued interactions and exchanges between these independent agriculture origin centers brought local and exotic crops together, enabling a more diverse dietary and stable crop production to support a larger population (Jones et al., 2016; Liu et al., 2016). Hence, the study of agricultural diffusion is of crucial significance to our understanding of ancient social development and interregional communications.
With two distinct agricultural systems, China is a key center for the investigation of agriculture origins (Fuller et al., 2014; Larson et al., 2014; Lu, 2017). Early farming practice in northern China was based on local domestication of foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) (Lu et al., 2009a; Yang et al., 2012), while in southern China, especially the middle and lower Yangtze Valley, rice (Oryza sativa) had been domesticated no later than 8,500 cal. BP and cultivated as a staple crop since then (Deng et al., 2015; Zuo et al., 2017; Huan et al., 2021). In this case, the agriculturalization of other regions was all realized through population expansion and agriculture dispersal from these two centers. With the progress in archaeological research over the past decades, it has become increasingly evident that the southward dispersal of agriculture in China was mainly along three main routes, among which the Zang-Yi Corridor is of critical significance in subsistence transformation and social development in southwest China, including the Chengdu Plain, the Yunnan-Guizhou Plateau, and the Tibetan Plateau (He et al., 2017; Deng et al., 2018; Gao et al., 2021). Further influence of this route could even have reached mainland Southeast Asia and joined the long-distance communications along the southern foothills of the Himalayan Mountains with south Asia and beyond (Gao et al., 2020). Therefore, many researchers have been dedicated to investigating the dispersal and development of farming in this region.
To date, the earliest evidence of agriculture in the Zang-Yi Corridor is from the Yingpanshan site on the northern edge of this region. Large amounts of foxtail millet and broomcorn millet have been recovered there and traced back to ca. 5,300 cal. BP (Zhao and Chen, 2011). Typological comparisons of pottery from this site revealed the strong influence of contemporary Majiayao culture in the Gansu province. Hence, it is widely believed that these earliest Neolithic populations migrated from northwest China. A detailed chemical composition analysis of painted pottery from Yingpanshan also supports close interactions between local people and the Majiayao communities (Hung, 2011). Whereas, plant remains from many later sites of southwest China all suggest a mixed pattern of crop assemblages, comprising foxtail millet, broomcorn millet, and rice (Guo, 2011; Huang et al., 2011; Yan et al., 2013; Jin et al., 2014; Jiang et al., 2016a; Jiang et al., 2016b; Dal Martello et al., 2018). Among these discoveries, the earliest evidence came from Guiyuanqiao and Baodun, where rice was directly dated to ca. 4,700 cal. BP (Guedes et al., 2013; Guedes and Wan, 2015).
In this regard, it is hypothesized that the formation of mixed farming in southwest China is based on two waves of agricultural dispersal: first from northwest China with the introduction of foxtail millet and broomcorn millet around 5,300 cal. BP, and second from the middle Yangtze valley with the introduction of rice after 4,700 cal. BP (Guedes et al., 2013). However, this speculation is still debatable for two reasons. Firstly, whether the earliest crop pattern only consists of foxtail millet and broomcorn millet or the entire package of millets and rice is still ambiguous, as there is no evidence from other contemporary sites of Yingpanshan. Secondly, no evidence reveals interregional communications between the middle Yangtze Valley and Southwest China prior to 4,500 cal. BP (Jiang et al., 2020), making the speculated introduction of rice from the middle Yangtze valley questionable. Therefore, a more targeted study should be conducted at these early sites in the region to test or modify this model.
Here, we report the systematic phytolith analysis at the Guijiabao site in Sichuan Province. The new results, along with radiocarbon dating, reveal mixed farming had already emerged in the southern part of the Zang-Yi Corridor no later than 5,000 cal. BP, which is much earlier than expected before. With this new discovery, it is quite possible that all these crops, including foxtail millet, broomcorn millet, and rice, were introduced into this region as a package, and the source of agriculture introduction into this region should also be re-examined, especially the possibility of middle Yangtze valley.
MATERIALS AND METHODS
Sample Collection
The Guijiabao site (101.6°E, 27.45°N) (Figure 1) is situated in the Yanyuan County of Sichuan Province and is surrounded by the middle part of the Hengduan Mountains (Zhong et al., 2016; Hao et al., 2022). As a crossroad in the southern part of the Zang-Yi Corridor, this region has played a crucial role in interregional interactions along this route. Guijiabao was first discovered in 2015, and a systematic field survey and small-scale excavation were conducted to confirm the preservation conditions and major remains in the site. Subsequently, excavations were carried out in three seasons from 2016 to 2018.
[image: Figure 1]FIGURE 1 | Location of the Guijiabao site (red triangle) and other sites mentioned in the study. 1-Yingpanshan, 2-Guiyuanqiao, 3-Baodun, 4-Gaopo, 5-Henglanshan, 6-Shapingzhan, 7-Yubeidi, 8-Dadunzi, 9-Baiyangcun, 10-Haimenkou, 11-Shilinggang, 12-Shifodong, 13-Xueshan, 14-Guangfentou, 15-Heposuo,16-Xishanping, 17-Baligang.
According to archaeological investigations, the total area of Guijiabao is around 30,000 m2, but cultural deposits have been heavily disturbed by modern activities. Even though, a large number of ancient ruins have been unearthed, including house foundations, pits, tombs, and many artifacts such as pottery, stone tools, and spindle whorls (Hao et al., 2022). All of these remains could be grouped into three periods, namely: Neolithic, Bronze Age, and historical period, among which the Neolithic remains could further be divided into two phases. According to the result of systematic radiocarbon dating at the site (Table 1), Phase I of the Neolithic period at this site occurred around 5,000–4,500 cal. BP, and Phase II around 4,500–3,700 cal. BP. Moreover, the beginning of human activities in this period probably could reach 5,300 cal. BP as revealed by radiocarbon dates of foxtail millet grains from context H1 and broomcorn millet grains from context TN22E39②. The date of the Bronze Age remains at the site is roughly 3,200–2,700 cal. BP, where a hiatus of 500 years after the Neolithic period could be observed. Historical relics occurred much later, mainly stretching from the late Northern Song dynasty to the Ming dynasty (ca. 1,200–500 cal. BP).
TABLE 1 | AMS Radiocarbon dating results of Neolithic contexts from the Guijiabao site. All dates were calibrated by OxCal v4.4.4, using the IntCal 20 Atmospheric curve (Reimer et al., 2020).
[image: Table 1]In order to detect Neolithic agriculture practices at the Guijiabao site, soil samples for phytolith analysis have been collected during the excavations. In total, 154 samples from the Neolithic period were obtained, of which 16 were from Phase I and 138 from Phase II (details in Supplementary Table S1). These sampled contexts cover different types of archaeological features of the site, including cultural layers (sample codes start with T), pits (sample codes start with H), house foundations (sample codes start with F), and ditches (sample codes start with G).
Phytolith Extraction and Identification
Phytoliths were extracted from soil samples according to established methods (Piperno, 1988; Lu et al., 2002) with minor modifications. Initially, approximately 2 g of each sample was weighed and treated with 30% H2O2 and 15% HCl to remove organic matter and carbonate. The samples were then subjected to heavy liquid flotation using ZnBr2 (density, 2.35 g/cm3) to separate the phytoliths, which were subsequently mounted on a slide using Canada Balsam. After air-drying, the phytoliths on the slide were counted and identified using a Leica microscope at ×400 magnification. More than 400 phytolith particles in each sample were identified and recorded according to previously published references and criteria (Wang and Lu, 1993; Lu et al., 2006; Lu et al., 2007; Lu et al., 2009b; Ge et al., 2018; Ge et al., 2020a; Ge et al., 2020b). In particular, for samples with rice phytoliths, the slides were scanned until 50 rice bulliform phytoliths with clear and countable scales were observed to calculate the proportion of rice bulliform phytoliths with ≥9 scales (Wang and Lu, 2012; Huan et al., 2015; Huan et al., 2020).
RESULTS
All 154 samples yielded abundant phytoliths. In total, 26 phytolith morphotypes were identified, of which five were confirmed from crops, including double-peaked, bulliform, and parallel-bilobate types from rice, η-type epidermal long cell phytoliths from the upper lemma and palea of broomcorn millet, and Ω-type from foxtail millet (Figure 2). Other main phytolith types include elongate psilate, square, rondel, hair cell, rectangle, bilobate, elongate echinate, bulliform, and long saddle.
[image: Figure 2]FIGURE 2 | Crop phytoliths obtained from the Guijiabao site. (A–D): broomcorn millet η-type; (E–H): foxtail millet Ω-type; (I,J): rice parallel bilobate; (K,L): rice double-peaked; (M): rice double-peaked (blue arrow) and broomcorn millet η-type (orange arrow); (N,O): rice bulliform with <9 scales; (P–R): rice bulliform with ≥9 scales (scale bar = 20 μm).
Phytolith assemblages in the Guijiabao site were characterized by high proportions of elongate psilate, elongate echinate, square, rectangle, rondel, hair cell, and bilobate, along with a low proportion of rice and a relatively lower proportion of broomcorn millet morphotypes (Figure 3; Supplementary Table S1). Foxtail millet phytoliths appeared in Phase II, but their proportions were much lower than those of broomcorn millet and rice (Figure 3). It is also worth noting that the phytolith assemblage of Phase II was characterized by the presence of double-peaked types of rice husk, revealing a strong relationship between cultural deposits in these contexts and rice dehusking activities at the site (Harvey and Fuller, 2005). The presence of bulliform and parallel-bilobate types from rice leaves and stems also demonstrates local cultivation of rice.
[image: Figure 3]FIGURE 3 | Percentage diagram of major phytolith types at the Guijiabao site. Sample code in Supplementary Table S1.
Based on the preservation conditions, 139 samples were selected for further analysis of scales on the edge of rice bulliform phytoliths, including 14 from Phase I and 125 from Phase II (Figure 3; Supplementary Table S1). For each sample, at least 50 bulliform phytoliths with clear and countable scales were carefully observed. The average proportion of bulliform phytoliths with ≥9 scales was 49.40 ± 4.44% in Phase I and 50.63 ± 4.63% in Phase II.
DISCUSSION
The Emergence of Mixed Farming in Southwest China
The Zang-Yi Corridor is a significant channel for interregional communications and human movements in southwest China during historical and modern times (Fei, 1980). Archaeological investigations in the past decades further suggest that cultural interactions, population migration, and the flow of raw materials and technologies along this route started much earlier than previously thought (Huo, 2005). The Neolithization process of the entire southwest region was based on the introduction of these innovations and possible human migrations, among which the emergence of agriculture was no doubt in the central place.
The new data presented in this study clearly show that abundant rice bulliform phytoliths were present in all samples from Phase I (5,000–4,500 cal. BP) at the Guijiabao site, together with the typical η-type phytoliths of broomcorn millet. A detailed analysis of scales on the edge of rice bulliform phytoliths suggested that the proportion of rice bulliform phytoliths with ≥9 scales in Phase I was 49.40 ± 4.44% (Figure 3), which was close to Phase II level (50.63 ± 4.63%) and modern domesticated rice (Huan et al., 2015; Huan et al., 2020). Considering the current AMS radiocarbon dates of this phase, especially one direct date of rice grain (BA170249, 5,030–4,856 cal. BP, 95.4% probability), these lines of evidence could confirm that rice had already been cultivated together with broomcorn millet in the southern part of Zang-Yi Corridor prior to 5,000 cal. BP.
The continuation of this mixed farming strategy could be demonstrated by crop assemblages from Phase II (4,500–3,700 cal. BP) of Guijiabao, when phytoliths of rice, broomcorn millet, and foxtail millet were found together in nearly all samples (Figure 3). A comparison of these phytoliths revealed that their proportions varied greatly among different samples, but generally rice and broomcorn millet were more important than foxtail millet. Nevertheless, given the different preservation conditions of these phytoliths, the specific crop pattern needs to be further confirmed by other evidence, such as macroscopic plant remains and stable isotope analyses of human bones. Another point that needs to be clarified here is the absence of foxtail millet phytoliths in all samples of Phase I in this study, which may have resulted from the relatively poor preservation conditions of foxtail millet phytoliths, as foxtail millet grains have been recovered in this phase and directly dated (Table 1). Another possible reason is that the samples from Phase I in this study were limited.
Overall, the present study clearly suggests that rice was cultivated together with foxtail millet and broomcorn millet from 5,000 cal. BP to 3,700 cal. BP at the Guijiabao site. Along with discoveries from other sites, it could be confirmed that they were introduced simultaneously as a package into the Zang-Yi Corridor and then other parts of southwest China at the very beginning of the Neolithic period in the region, which differs from the previously assumed process of multiple waves of crop introduction (d’Alpoim Guedes, 2011). Actually, the pure millet crop pattern of Yingpanshan, which is the main evidence of the previous model, is also questionable. The absence of rice at the Yingpanshan site might have resulted from insufficient sampling, as only 45 L of soil samples from nine contexts were processed (Zhao and Chen, 2011). Another piece of evidence in support of this query is that stable isotope analysis of human bones from two contexts of Yingpanshan indicated that their long-term diets after childhood consisted of both C3 and C4 foods instead of pure C4 millets (Lee et al., 2020). In this case, these lines of evidence all tend to support a dispersal of crop package including foxtail millet, broomcorn millet and rice into this region.
On the other hand, the hypothesis that the middle Yangtze region as the source of rice for Southwest China is also unreliable, as no evidence supports the early communication between these two regions prior to 4,500 cal. BP. Even around 4,000 cal. BP, except for the sparse traits of pottery styles that are speculated to be influenced by the middle Yangtze region, no other evidence has been found (Jiang et al., 2020). In contrast, the southern part of Gansu Province is not a pure millet farming region as assumed before. Previous studies have shown that mixed farming has been carried out in many regions of Northern China since 7,500 cal. BP (Zhang et al., 2012; Wang et al., 2017; Wang et al., 2018), and the westernmost discovery was at the Xishanping site of Gansu Province, where charred seeds and phytoliths of foxtail millet, broomcorn millet, and rice have been dated back to 5,300–4,800 cal. BP (Li et al., 2007a; Li et al., 2007b). Plant remains from a regional survey in the Li County of southern Gansu also found rice grains in three sites (Ji, 2007). Therefore, it is quite possible that mixed farming was practiced at many sites in the southern part of Gansu province, and the crop package of millets and rice in southwest China was introduced from this region at the same time.
From a broader view, another possible region related to the emergence of mixed farming in Southwest China is the upper Han River valley, where mixed farming should also have been practiced prior to the Yangshao period, referring to the discoveries in the middle Han River Valley (Deng et al., 2015). Typological comparisons of pottery from the Luojiaba site in the Jialing River valley revealed influences of the Yangshao culture in the upper Han River valley (Li, 2018), thus this channel may serve as another parallel dispersal route in the eastern part of the Sichuan Basin. To clarify the emergence of mixed farming in Southwest China, more targeted research in these regions is needed in the future.
Crop Patterns and Regional Diversity in the Zang-Yi Corridor of Southwest China
With the flow of populations and emergence of innovative technologies, the adoption, adaptation, and integration of exotic elements has been a unique cultural feature of the Zang-Yi Corridor, which could also be observed in the farming strategies. The mixed cropping system has been widely practiced not only in the Neolithic Age, but also in later periods, owing to its complex ground features and environmental conditions. There are seven mountains and six large rivers in the Hengduan Mountainous region, which can be divided into 13 geomorphological zones, covering 19 climatic zones from the tropical zone to plateau frigid zone (Li, 1989; Zhang, 1989). The flexibility of farming practices is clearly reflected in the regional diversity and chronological changes in the cropping systems of this region.
During the Neolithic Period (ca. 5,300–3,600 cal. BP), although foxtail millet, broomcorn millet, and rice were widely cultivated in most sites, the proportion of each crop varied considerably among the four sites with systematic archaeobotanical work (Figure 4). Foxtail millet and broomcorn millet were cultivated at the Yingpanshan site and played almost equivalent roles in its farming system (Zhao and Chen, 2011). However, in Phase I of Baiyangcun (4,600–4,300 cal. BP), rice was undoubtedly dominant in the farming system, and foxtail millet was also important. Nevertheless, broomcorn millet only accounted for 2.21% of all crop remains (Dal Martello et al., 2018). This pattern is similar to that of Henglanshan, but plant remains of this site are too limited, and the data are not sufficiently representative (Jiang et al., 2016a; Jiang et al., 2016b). In Phases II and III of Baiyangcun (4,200–4,050 cal. BP), a noticeable change occurred when foxtail millet became the most important crop, followed by rice. The Dadunzi site in Yunnan Province (4,000–3,600 cal. BP) presented a different pattern dominated by foxtail millet, where broomcorn millet was also important. However, the proportion of rice was relatively low (Jin et al., 2014). In addition, wild soybeans were also found at Yingpanshan and Baiyangcun during this period, which was possibly utilized on a small scale.
[image: Figure 4]FIGURE 4 | Diachronic charts of crop patterns in the Zang-Yi Corridor of southwest China.
Archaeobotanical evidence from the early phase of Bronze Age (ca. 3,600–2,800 cal. BP) was more limited as macroscopic plant remains were only recovered from four sites. Unlike the previous period, rice was the main cereal crop in all these sites, accounting for 62.5 to 97.7% of all crop remains. The proportion of foxtail millet in the early phase of Haimenkou was more than 22.88% (Xue, 2010; Xue et al., 2022), but less than 5% in Shifodong and Shapingzhan (Zhao, 2010; Yan et al., 2016b). Broomcorn millet was very rare during this period, with only one grain from Gaopo and two grains from Haimenkou reported (Xue, 2010; Jiang et al., 2013). Another significant change in farming practices of this period is the adoption of wheat and barley, as indicated by the plant remains from Haimenkou, where 261 wheat and seven barley grains have been found. Although wheat and barley were dispersed into the northwestern part of Xinjiang around 5,000 cal. BP (Zhou et al., 2020), the earliest evidence in the Hexi Corridor was only approximately 4,000 cal. BP (Dodson et al., 2013) and 3,600 cal. BP in Central China (Deng et al., 2020). Therefore, the mountainous area of the Zang-Yi Corridor was one of the earliest regions to adopt wheat and barley in southern China. By contrast, no solid evidence of wheat has been reported in the contemporary Chengdu Plain. Cannabis and buckwheat were also found in Haimenkou, revealing more diversified crop patterns since early Bronze Age.
During the late Bronze Age (ca. 2,800–2000 cal. BP), the importance of wheat was greatly improved, which has been found in nearly all sites except for Shilinggang, and is dominant in the crop assemblages of Haimenkou, Guangfentou, and Xueshan (Xue, 2010; Li et al., 2016; Li and Liu, 2016; Wang et al., 2019). Even though, the specific crop patterns at these sites were still different from each other. Foxtail millet was the secondary important crop in the late phase of Haimenkou, with rice and broomcorn millet accounting for a small portion of the entire assemblage (Xue, 2010; Xue et al., 2022). However, in the three phases of Guangfentou and Xueshan, the proportion of rice is much higher than that of foxtail millet (Li and Liu, 2016; Wang et al., 2019). In addition, plant remains from Heposuo and Yubeidi both demonstrated a rice-dominated crop pattern, and the proportions of foxtail millet and rice were slightly different from each other (Yang et al., 2020; Yang et al., 2021). In contrast, broomcorn millet, barley, and soybean were only sparsely found at these sites, which could possibly be used as risk-buffering crops by the locals.
Overall, a comparison of crop patterns from all sites in the different periods of the Zang-Yi Corridor clearly demonstrates that mixed farming and regional diversity are the main characteristics of the agricultural practices in the region. During the Neolithic period, foxtail millet, broomcorn millet, and rice were all staple crops, although their proportions greatly varied in different sites. With the introduction of wheat in approximately 3,600 cal. BP, this exotic crop became the most fundamental crop along with foxtail millet and rice in the Bronze Age, while broomcorn millet was only discovered sparsely and accounted for a low proportion. The conditions were similar for the newly introduced barley. Soybeans, cannabis, and buckwheat have also been utilized on a small scale by local people, forming a more diversified crop pattern.
CONCLUSION
Based on systematic phytolith analysis and direct dating of plant remains from Guijiabao in the south part of the Zang-Yi Corridor, this study shed new light on our understanding of the emergence of farming practice in Southwest China. The new data demonstrated that prior to 5,000 cal. BP, rice, foxtail millet, and broomcorn millet were cultivated and consumed together at the Guijiabao site. With new evidence, the previous hypothesis on the dispersal of agriculture in Southwest China needs to be reconsidered. Rice should have been introduced into this region together with foxtail millet and broomcorn millet as a package around 5,000 cal. BP or even earlier, instead of from the two waves of dispersal from Northwest China and the middle Yangtze Valley, respectively. Plant remains from the late period of Guijiabao and comparison with archaeobotanical remains from other sites further revealed that mixed cropping systems had been widely practiced throughout the Neolithic and Bronze Age in the Zang-Yi corridor. Moreover, great regional diversity could be observed with specific crop patterns, which could have resulted from adaptation to complex ground features and environmental conditions. With the introduction of wheat around 3,600 cal. BP, local crop patterns became more complex, starting a new era in the history of agricultural development in this region.
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Recent studies have provided evidence of alcohol production and consumption in 16 sites in northern China during the Neolithic period, focusing on the Yangshao Culture (ca. 7,000–5,000 cal. BP). Yet, the comparison of similarities and differences in brewing technology and drinking patterns within the Yangshao Culture still needs more supporting information from case studies in different regions. In this paper, 17 pottery samples excavated from the Yangshao Culture site of Qingtai (ca. 5,500–4,750 cal. BP) in the central part of Henan Province were analyzed for microfossils (starch grains, phytoliths, fungi) and organic acids, on the basis of the theoretical model constructed from our simulation experiments. The results revealed a mixed filtered alcoholic beverage, likely to be fermented by fruit and/or honey. The ingredients were mainly foxtail millet, rice, Job’s tears, Triticeae, snake gourd roots, lotus roots, legumes, nuts, fruits, and/or honey. What’s more, we found that the jiandiping amphora from Qingtai was not likely used for brewing or drinking. In terms of prehistoric drinking habits, in the large-scale settlement of the late Yangshao Culture in China, it is possible that people drank filtered alcohol alone or that a few people drank filtered alcohol poured from the painted bottle, indicating a switch from communal drinking to individual drinking. This study sheds light on the similarities and differences in brewing techniques, fermentation ingredients, and drinking patterns among different regions of the late Neolithic Yangshao Culture, and deepens our understanding of alcoholic beverages in the early Chinese civilized societies.
Keywords: prehistoric alcoholic beverages, qingtai site, yangshao culture, microfossil and organic acid analyses, brewing technology, drinking pattern
1 INTRODUCTION
Alcoholic beverages have always been given special status because of their miraculous medical, religious, social, and political value (McGovern et al., 2004). With the prevalence of religious ceremonies and feasting activities, as well as the expansion of the population and the progress of agriculture, the production and consumption of alcoholic beverages became more and more common in the Neolithic period (Hayden, 2003; Liu, 2021a). Since the late Neolithic period, China gradually entered an early civilized society, and the ritual system was about to emerge (Wang, 2008; Gao, 2019; Wang, 2020). At that time, although the pottery vessels associated with alcohol had not completely lost their practical function, some were in the transformation stage into special ritual vessels (Xu, 2004). In the historical period, alcohol became an important part of the ritual system, laying the foundation of Chinese ritual and music civilization (Huang, 2002; Huang, 2008). Therefore, as a unique carrier of civilization, the evolution of alcoholic beverages, to a certain extent, reflected the origin of Chinese civilization and the process of social complexity.
Recently, considerable archaeological evidence about prehistoric alcohol brewing in China has been reported based on the chemical and microfossil (starches, phytoliths, and fungi) analyses on pottery vessels, almost spanning the entire Neolithic period (Figure 1; McGovern et al., 2004; Wang et al., 2016; Liu et al., 2017a; Liu et al., 2018a; Liu et al., 2019a; Liu et al., 2019b; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2020c; Liu et al., 2020d; Feng et al., 2021; Zhao and Liu, 2021; Liu et al., 2021b). In the early Neolithic of central China, the analyses of residues from Jiahu, Guantaoyuan, and Lingkou sites have shown that globular jars were used to make cereal-based fermented beverages, and two brewing methods, including the use of malted cereal and qu starter, had already been developed and used throughout the Neolithic period (McGovern et al., 2004; Liu et al., 2019b; Liu, 2021a). By the middle and late Neolithic, several archaeological studies proved that the brewing and drinking vessels in the Yangshao Culture had evolved from globular jars to flat-based jars (pingdiqi), then to conical-based jars (jiandiping) in the Weihe River valley and the western Henan, central China (Wang et al., 2016; Liu et al., 2017a; Liu et al., 2018a; Liu et al., 2019a; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2020c), while in Beixin culture in eastern China, the globular jars were still be used (Liu et al., 2020d). During the late and end Neolithic period, various pottery, including goblets and cups, were related to alcohol drinking in the Haidai region, eastern China (McGovern et al., 2005; Liu et al., 2021b). These two types of fermentation and drinking patterns in central and eastern China reflected different development trends of alcoholic culture. However, the brewing materials in the above sites were similar, containing a mixture of cereals (foxtail millet, common millet, Job’s tears, rice, Triticeae), roots, tubers, nuts, and honey or fruits. Comparing Paleoethnobotanical research of these sites, it has been proved that the fermentation ingredients were the same as daily food (Liu, 2021a).
[image: Figure 1]FIGURE 1 | Location of the Qingtai site and other related archaeological sites in north China. 1) Dadiwan; 2) Guantaoyuan; 3) Yangguanzhai; 4) Mijiaya; 5) Banpo; 6) Xinjie; 7) Jiangzhai; 8) Lingkou; 9) Xipo; 10) Dingcun; 11) Huizui; 12) Jiahu; 13) Wangyin; 14) Xixiahou; 15) Dongjiabai; 16) Liangchengzhen; 17) Qingtai.
Previous studies have made significant achievements on regional variation in fermentation techniques, drinking rituals, and socio-political developments in northern China during the Neolithic period, with a focus on the Yangshao Culture. In the middle and late stages of Yangshao Culture, the central Henan region became the most representative and influential political center, and the large-scale regional center settlements such as Qingtai, Shuanghuaishu, and Xishan sites entered the early civilized society (Han, 2019; Wang, 2020; Wei, 2021). However, the alcoholic culture in this core region is still unclear. What’s more, most of the published data were on the results of microfossil residues analysis or only conducted chemical analysis; only a few studies combined both two approaches for experiments. To obtain more information on brewing materials and techniques, it is necessary to employ multi-disciplinary research.
Thus, microfossils and chemical analyses of the pottery unearthed from the Qingtai site in central Henan were conducted in this study. The aim of this paper is to provide more evidence for a better understanding of the production and consumption of alcoholic beverages in the early civilized societies at the core region of the Late Neolithic period, as well as the similarities and differences in brewing technology and drinking patterns among different regions within the Yangshao Culture.
2 MATERIALS AND METHODS
2.1 Materials
The Qingtai site is located on the mound of Qingtai Village, Xingyang City, Henan Province, central China (Figure 1). In 1981, Zhengzhou Municipal Museum and Xingyang County Cultural Center excavated the Qingtai site, and 14C dates placed the time period between ca. 5,500–4,750 cal. BP, a large-scale settlement site in the political hinterland of the late Yangshao culture (Zhang and Zhao, 1987). In 2015, to explore the origin of Chinese silk, the Zhengzhou Municipal Institute of Cultural Relics and Archaeology conducted a systematic investigation, exploration, and excavation at this site again (Fang, 2018). The excavation uncovered significant relics, such as three-fold ring trenches, adobe houses, tombs, and astronomical sacrifice areas, representing the emergence of civilization in central China. In addition, jiandiping, jars, cups, and funnels, suspected to be related to alcoholic beverages, were also discovered. It was worth noting that a painted bottle was found in a tomb with niches, which was also the only complete painted pottery unearthed from Qingtai during this excavation period.
In this study, we selected 17 pottery samples from the Qingtai site for starches, phytoliths, fungi, and organic acids analyses, including seven jiandiping amphorae, one funnel, two lids, five flat-based jars, one cup, and one painted bottle (Figure 2).
[image: Figure 2]FIGURE 2 | Pottery samples from the Qingtai site (scale bar: 5 cm). S1, Jiandipng; S2, jiandipng; S3, funnel (a hole in the bottom); S4, lip; S5, jar; S6, jar; S7, jar; S8, jar; S9, jiandipng; S10, jiandiping; S11, jar; S12, cup; S13, jiandipng; S14, jiandipng; S15, lip; S16, jiandipng; S17, painted bottle.
2.2 Methods
Residue sampling of the pottery was completed in the field laboratory at the Qingtai site. First, each surface of the sample was washed separately with distilled water. Then, an ultrasonic tooth cleaner was used to clean the pottery inside; the ultrasonic water samples were then transferred to the 50 ml centrifugal tube as the experimental samples. To test potential contamination, we also collected the control samples by gathering dust on shelves in the field laboratory and soil on each pottery surface. Further extraction was conducted at the Bio-archaeology laboratory, University of Science and Technology of China.
2.1.1 Extraction of Starches, Phytoliths, and Fungi
The liquid samples were treated with 5% (NaPO3)6, 10% HCl, and 30% H2O2 to disperse carbonates and minerals. After that, two kinds of heavy liquid (CsCl at a specific gravity of 1.89 and ZnBr2 at a specific gravity of 2.35) were used for the centrifuge procedure, the former to extract starch grains and fungi, and the latter to extract phytoliths. In addition, to prevent contamination from the experimental environment, instruments, or reagents, a blank control sample was also set up and treated using the same protocol. Extractions obtained from residue samples were examined under the Leica DM4500P polarizing microscope. Starch and phytolith identifications were based on published studies (Madella et al., 2005; Wei et al., 2008; Lu et al., 2009; Yang et al., 2009; Ge et al., 2010; Yang et al., 2010; Wan et al., 2011; Wang et al., 2013; Yang and Perry, 2013; Neumann et al., 2019; Henry, 2020) and our lab modern reference collection of common plant species (Figure 3). Fungi identification was based on the published book (St-Germain and Summerbell, 2011).
[image: Figure 3]FIGURE 3 | Examples of starch grains morphology from the modern reference (scale bar: 20 μm). (A): Setaria italica; (B): Coix lacryma-jobi; (C): Wheat; (D): Nelumbo nucifera; (E): Trichosanthes kirilowii; (F): Oryza sativa; (G): Leguminosae; (H): Quercus sp.
2.1.2 Extraction of Organic Acid
First, all the samples were centrifuged at 3,000 r/min for 15 min, then transferred to new 15 ml centrifuge tubes. Subsequently, samples were filtered by 0.45 μm microfiltration membrane to 5 ml sample bottles. Next, a vacuum centrifugal concentrator was used to centrifuge at 1,000 r/min and concentrate to 100 μl at 55°C. Finally, the samples were sent to the Center for Science and Chemical Science Experiments of the University of Science and Technology of China for liquid chromatography-mass spectrometry (LC-MS) testing.
2.1.3 Simulation Experiments of Brewing
Previous simulation experiments have proved that starch grains can be damaged by saccharification and fermentation, so the evidence of alcohol residues would be found by observing the morphology of starch grains (Henry et al., 2009; Wang et al., 2017). This discovery has been applied to the analysis of the archaeological context in recent years, and experimental evidence for the brewing of qu wine, malted wine, and koujiao wine has been reported in 14 prehistoric sites in China (Liu, 2021a). To further understand the fermentation technology, scholars have established an analysis method: based on the residues of microbotanical and microbial remains to determine the brewing function and methods (Liu et al., 2019b; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2020d; Liu et al., 2021b; Feng et al., 2021; Zhao and Liu, 2021). However, this method has not been demonstrated by simulation experiments.
Therefore, a simulation experiment was designed to verify the different combinations of microfossils in three kinds of alcohol residues. Six common grain alcohol ingredients, including rice, foxtail millet, wheat, yam, lotus root, and mung bean, were selected and brewed into malted alcohol, qu alcohol, and koujiao alcohol separately under the same experimental conditions in our laboratory. Given the turbid state of the fermented liquor, the fermentation samples were divided into filtered and unfiltered residues to observe starch grains, phytoliths, and fungi under a microscope, respectively.
The results showed that starch grains do unique damage during saccharification and fermentation (Figure 4). However, different brewing methods have similar damage to the same kind of starch grains, making it difficult to distinguish brewing methods by the different morphological changes of starch grains. Large amounts of husk phytoliths were found in all unfiltered malted and qu alcohol, small amounts were found in some unfiltered koujiao liquors, and none or minute amounts were found in all filtered qu alcohol, malted alcohol, and koujiao alcohol. The results indicated that the presence of husk phytoliths remains is not only related to the brewing method but also the filtration behavior. Fungi are present in all filtered and unfiltered liquor after fermentation. In sum, the microbotanical and microbial remains can be used as a basis for judging whether pottery was exposed to alcohol; however, it is hard to accurately speculate on the brewing method.
[image: Figure 4]FIGURE 4 | Damaged starch grains in the three alcohol (scale bar: 20 μm). (A) foxtail millet in koujiao alcohol; (B) mung bean in qu alcohol; (C) lotus root in qu alcohol; (D) yam in koujiao alcohol; (E,F) rice in malted alcohol; (G–I) wheat in malted alcohol.
3 RESULTS
Among the 17 experiment samples of pottery, 218 starch grains were extracted from the painted bottle S17, the funnel S3, and the lid S4. No starch grain was found in all the control samples, and only one starch grain was yielded from the unused surface of the jar S8. As the amounts of starch grains from the experiment samples were much higher than the control samples and unused surfaces, we believe that starch grains recovered from the three potteries are associated with human behavior in processing foods. Therefore, this study focused on these three pottery pieces in statistical analysis. Among them, organic acids were also detected in these three pottery pieces, but not fungal remains. In addition, 32 phytoliths were only found on the funnel.
3.1 Starch Remains
Among the 218 starch grains, 19 starch grains could not be identified due to the damage or lack of typical characteristics. The remaining 199 starch grains were classified into nine broad categories based on their morphology and size (Table 1; Figure 5).
TABLE 1 | Starches from the Qingtai site.
[image: Table 1][image: Figure 5]FIGURE 5 | Types of starch grains at the Qingtai site (scale bar: 20 μm). (A) Setaria italica; (B) Coix lacryma-jobi; (C) Triticeae; (D,E) Nelumbo nucifera; (F) Trichosanthes kirilowii; (G) Oryza sativa; (H) Leguminosae; (I) Quercus sp.; (J) tubers.
Type A: starch grains (n = 48, 8.72–20.41 μm) are mostly faceted, hilum is centric with a “−” or “+” or “Y” or star-shaped fissures, some parts of starch have depressions (Figure 5A). The extinction arms are crossed and vertical under polarizing light, and lamellae are invisible. This type of starch grains is mostly from Panicoideae plants (Ge et al., 2010; Yang et al., 2010), such as foxtail millet (Setaria italica), common millet (Panicum miliaceum), as well as Job’s tears (Coix lacryma-jobi). However, the size of a common millet is relatively small, while the size of Job’s tears is relatively large, and the end of the extinction arm of Job’s tears starch grains is mostly similar to a “Z” shaped curve. The size range and morphological structure of this type of starch granules are consistent with those of foxtail millet, so it is identified as Setaria italica.
Type B: starch grains (n = 27, 12.18–26.03 μm) are polygonal and nearly circular. Its characterized by a centric hilum, linear fissures, and invisible lamellae. The extinction arms are crossed and vertical under polarizing light, and the end of the extinction arms presents a “Z” shaped curve (Figure 5B). In modern plants, the starch grains of Panicoideae plants generally have a polyhedral structure, and the extinction arms cross vertically. According to our lab modern sample database (Figure 3B), the size of foxtail millet and common millet starch grains are relatively small, and the end of the cross-extinction arm of Job’s tears has a unique “Z” shaped curve (Ge et al., 2010). Thus, type B starch granules come from Coix lacryma-jobi.
Type C: starch grains (n = 92, 5.37–39.65 μm) are nearly round or convex lens-shaped, the hilum is centric and closed, the extinction arm is “Z” shaped; if turning over the starch after tapping the glass slide, a long “—” shaped fissure appeared. This type can observe two kinds of starch grains of different sizes. The larger starch grains (11.23–39.65 μm) have clear lamellae (Figure 5C), while the smaller ones (5.37–9.4 μm) are not obvious. Combined with related (Yang and Perry, 2013) research on the morphology of ancient and modern starch grains in Triticeae. We judged that this kind of starch grains come from the Triticeae plants.
Type D: starch grains (n = 10, 11.46–47.24 μm) are the circle (Figure 5D) and long oval (Figure 5E), which have a large size distribution range. Short “-” shaped or “X” shaped fissures can be observed at the hilum, and the extinction arms under polarizing light are cross. The lamellae of this kind of starch grains gradually spread outward around the hilum is obvious, and the hilum of the long oval starch grains is eccentric. Comparing our laboratory’s modern database (Figure 3D) and related analysis (Wan et al., 2011) of the starch grains in roots and tubers in modern southern China, this type of starch grains should come from lotus root (Nelumbo nucifera).
Type E: starch grains (n = 11, 17.35–23.18 μm) are round, semi-circular, and bell-shaped with a smooth surface and no fissure, the hilum is centric or eccentric, and the lamellae are invisible. Extinction arms are crossed vertically or curved under polarizing light (Figure 5F). Compared with the modern sample database of our laboratory (Figure 3E), the shape and length of this type of starch granules are similar to those of the root of snake gourd (Trichosanthes kirilowii), so this type of starch granule is identified as the Trichosanthes kirilowii.
Type F: starch grains (n = 3, 5.26–8.63 μm) are polyhedral structures, with the centric hilum and invisible lamellae and the cross-extinction arm is “X” shaped (Figure 5G). All these grains have small sizes of less than 10 μm, and most of them are closely arranged. Based on the morphological characteristics and the microscopic observation of starch grains of modern rice by Wei et al. (2008), we infer that Type F starch grains originate from rice (Oryza sativa).
Type G: starch grains (n = 2, 9.62–32.52 μm) are kidney-shaped and oval, and the hilum is invisible. One of them has a fissure through the long axis, and the other has no fissure (Figure 5H). According to our laboratory database and related study on legumes starch grains (Wang et al., 2013), this type of starch granules should come from Leguminosae.
Type H: starch grain (n = 1, 19.36 μm) is triangular oval, the hilum is closed and centric, the lamellae are invisible, and the cross-extinction arm is “X” shaped (Figure 5I). The starch grains of nut plants are mostly triangular oval and drop-shaped, such as Castanea sp. of the Fagaceae tribe and Quercus sp. However, the hilum of the Castanea sp. starch grains is mostly eccentric, and the Castanea sp. starch grains with a long axis greater than 10 μm can be observed with lamellae, while the Quercus sp. starch grains basically have no lamellae (Yang et al., 2009). Thus, these starch grains can be identified as Quercus sp.
Type I: starch grains (n = 5, 16.43–27.79 μm) are mainly oval-shaped, lamellae are unclear, cross-extinction arms are “X" shaped, hilum is eccentric, and the part of them have “-” shaped fissures (Figure 5J). According to the database of our laboratory, one of the typical characteristics of starch grains in roots and tubers is the eccentric hilum. These five starch grains extracted lacked further species characteristics and cannot be further distinguished, so this type can be classified as a roots or tubers plant.
Compared with the results of our simulation experiments, nearly half of the starches show signs of morphological alterations to some extent and were related to brewing behavior (n = 100, 45.9% of the total). These damage characteristics (n = 58) included small pits and cracks, missing edges, hazy extinction cross, and weakened birefringence which was the direct result of enzymatic hydrolysis of starch grains (Figure 6A,B). Simultaneously, there are also some other damage characteristics (n = 42) caused by fermentation and gelatinization, such as enlarged fissures radiating outward from the hilum, further expansion of the central depression, swelling, and melting (Figure 6C–H). Some starch grains only have the edge, and the central area almost disappears, forming a ring structure (Figure 6G). As the starch grains continue to decompose, the extinction cross arm gradually disappears until the crystal structure is lost (Figure 6G,H).
[image: Figure 6]FIGURE 6 | Damaged starch grains from the Qingtai site (scale bar: 20 μm). (A,B): showing small pits and cracks, hazy extinction cross; (C): showing swelling, melting, and hazy extinction cross; (D): showing pits, melting, and hazy extinction cross; (E): showing missing edges; (F–H): showing central depression and swelling.
3.2 Phytolith Remains
Of the three pottery samples (S3, S4, S17) yielding brewing damaged starch grains, 32 phytoliths were found only on the funnel S3, and most of which were from Poaceae plants (Table 2). Two double-peak phytoliths (Figure 7: g) from rice husk and dumbbell with scooped ends paralleled arrangement (Figure 7A) phytoliths from rice stem or leaf were present, corresponding to the presence of rice starch grains on the funnel. One Ω-type phytolith (Figure 7H) of foxtail millet husks was also found, but no η-type phytolith typical or starch of common millet was recovered. Other Poaceae families include two fan-shaped (Figure 7E), three cross (Figure 7F), 14 bilobate (Figure 7D), and two square saddle (Figure 7B) phytoliths, also found under the microscope. Further, hair cells (n = 1, Figure 7C) were found, mainly in the stem or leaf of eudicots.
TABLE 2 | Phytoliths from the Qingtai site funnel.
[image: Table 2][image: Figure 7]FIGURE 7 | Phytoliths from the Qingtai site (scale bar: 20 μm). (A): dumbbell with scooped ends paralleled arrangement; (B): square saddle; (C): hair cell; (D): bilobate; (E): fan-shape; (F): cross; (G): double-peak; (H): Ω-type.
3.3 Organic Acid Remains
Through the LC-MS analysis, 11 kinds of organic acids, including lactic acid, acetic acid, amber acid, fumaric acid, propanoic acid, butyric acid, citric acid, 3-hydroxybutyric acid, malic acid, pyruvic acid, and oxalic acid were detected from the funnel, lid, and painted bottle (The metrical data for organic acids remains is listed in Supplementary Table S1). Among them, eight kinds of organic acids were found in the funnel except for citric acid, 3-hydroxybutyric acid, and malic acid. Eight kinds of organic acids were found in the lid except for lactic acid, fumaric acid, and malic acid. Nine kinds of organic acids were found in the pottery bottle except for pyruvic acid and oxalic acid.
4 DISCUSSION
As mentioned in the previous article, some scholars believed that the combination of microbotanical and microbial can determine the fermentation methods based on experimental research and experience in the analysis of archaeological materials (Wang et al., 2017; Liu et al., 2019b; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2020d; Liu et al., 2021b; Feng et al., 2021; Zhao and Liu, 2021): 1) In the case of malted alcohol, the husk of the cereals and the starch grains with fermentation characteristics (saccharification and gelatinization) might be preserved on the brewer. 2) If it is qu alcohol, fungi related to qu and starch grains with fermentation characteristics might be detected by microscopy. 3) The production of koujiao alcohol does not require the malted grains or qu, so the residue might mainly contain starch grains with fermentation characteristics. Our simulation results revealed that these data need to be interpreted with caution, as husk phytolith residues are also associated with filtration behavior.
4.1 Fermentation Methods and Ingredients
Among the 17 pottery samples selected from the Qingtai site, three pottery samples (funnel, lid, and painted bottle) with brewing damaged starch demonstrated that they were used as alcoholic vessels. The brewing materials at Qingtai included foxtail millet, rice, Triticeae, Job’s tear, legumes, lotus root, and Quercus, which correspond to the daily food sources as indicated by the microbotanical remains from Qingtai (Sun, 2018). This phenomenon also accords with the selection of fermentation ingredients in other Yangshao sites (Liu, 2021a).
The types of starch grains and phytoliths extracted from the funnel, lip, and painted bottle can match each other. The species of starch grains were mainly foxtail millet (22.02% of the total) and Triticeae (42.20% of the total). Correspondingly, Ω-type phytoliths from foxtail millet husks were found, and the total number of Poaceae phytoliths accounted for the highest proportion, up to 62.50%. Besides, small amounts of starch grain (n = 3) and phytoliths (n = 3) of rice were present. Although husk phytoliths were found in the funnel, it is hard to define whether the sprouting or chewing, or qu method was used, because simulation experiments showed that the husk phytoliths existed in these three saccharification methods of alcohol. What is surprising is that no fungi remain was seen in any of the three alcoholic vessels. This result is likely attributable to the preservation environment of the microorganisms. Studies have shown that the perishable nature of fungi makes it more difficult to preserve archaeological records than other plant or animal remains (Dugan, 2008; Berihuete-Azorin et al., 2018).
From the result of LC-MS analysis, four common alcoholic organic acids, including lactic acid, acetic acid, amber acid, and fumaric acid (Li, 2017; Coelho et al., 2018) were found in three pottery. Lactic acid and fumaric acid are produced by the fermentation of sugar contained in starchy raw materials such as rice and wheat owing to the action of lactic acid bacteria (Hao et al., 2021). Acetic acid is commonly found in various types of alcohol, and it is converted from different organic matters by Acetobacter through fermentation (Barata et al., 2012). Lactic acid is the most common organic acid in grain wine, followed by amber acid (Zhao et al., 2020). These results are consistent with data obtained in starch grains and phytoliths analyses, suggesting the three potteries were related to the cereal-based beverages. However lactic acid and amber acid are also present in fruit and honey wines (He, 2017; Zeng et al., 2018). Meanwhile, malic acid, citric acid, oxalic acid, and pyruvic acid are the main organic acids in fruit and honey wine; citric acid is also commonly found in honey wine (He, 2017; Li, 2017; Zeng et al., 2018). The macro-botanical remains of fruit such as jujube, grape, and hawthorn were recovered from the Qingtai site (data from Miaomiao Yang’s result, unpublished). Due to the absence of tartaric acid, which is the strongest biomarker of grape wine (Cheng et al., 2013), the addition of grapes might be ruled out. As the surfaces of fruits and honey contain yeast which can convert sugars to ethanol and carbon dioxide (McGovern et al., 2005), it can be seen that the Qingtai people were likely to add fruits and/or honey as fermentation agents.
Based on multiple lines of evidence in the current data, the wine from Qingtai was likely a mixed alcoholic beverage made of various cereals as main ingredients, fruit and/or honey as a starter, as well as supplemented by roots, tubers, beans, and nuts.
4.2 Brewing Vessels
First, phytoliths were detected only on the funnel among the three wine vessels of the Qingtai site. Our simulation experiments show that filtration will affect the amount of phytoliths residues in wine. Given that silk relics have been unearthed from the Qingtai site, it is believable that people at the site were able to separate the dregs from the wine (Zhang and Gao, 1999). Combining the shapes of the three vessels, the combination of residues, and the brewing simulation experiment results, we speculated that the unhulled cereals were indeed used in the production of alcoholic beverages, and then the funnel was used to filter the dregs. Therefore, starch grains, phytoliths of husk, stems, and leaves, as well as organic acids were left on the surface of the funnel. The painted bottle was likely used to store filtered alcohol, so no phytolith was found in it. Because the sample size of the lid residue was too tiny to make a clear judgment, it might be covered on the wine storage container to prevent the evaporation of alcohol. What’s more, three pottery strainers were unearthed from the layers of the late Yangshao Culture in Dahecun, Huizui, and Yangshaocun sites in central and western Henan, and alcohol residues were found on one of the strainers (Liu et al., 2019a). It can be said that the filtering behavior had appeared in the political center of late Yangshao Culture, which represents the progress of brewing technology and people’s higher pursuit for the taste of alcoholic beverages.
Second, throughout the Yangshao period, the shape of fermentation and storage vessels gradually evolved from globular jars to pingdiqi, then to jiandiping and vats (Liu, 2021a; Feng et al., 2021). In our experiment, it is a remarkable fact that no starch grain was observed in seven jiandiping and five flat-based jars collected at the Qingtai site, suggesting that the functions of these vessels were probably not related to alcoholic beverages. The existing statistics data show that the Yangshao sites where jiandiping and pingdiqi were used as wine vessels were distributed in the Weihe River valley (Figure 1: Lingkou, Jiangzhai, Banpo, Yangguanzhai, Mijiaya, Xinjie) and the western Henan (Figure 1: Dingcun), so the findings at the Qingtai site might have reflected the inconsistency among different regions. In addition, no alcohol residue was found in 10 jiandiping or flat-based jars collected from the Shuanghuaishu site in central Henan (mid-late Yangshao Culture), but alcohol residues were detected in one jiandiping and one vat from Chengyan site in western Henan (early Yangshao Culture) base on residue analysis of other sites in our laboratory (data from Jingwen Liao’s master thesis, unpublished). These data further confirmed that the fermentation vessels in Yangshao Culture were probably not a single linear evolutionary model, but a more complex multi-mode between different regions and stages.
4.3 Drinking Patterns
Yangshao Culture is famous for its painted images. This 36 cm-high painted bottle was painted with black patterns of zigzag, octagonal, and circular electric fans on its surface. The leader of the Qingtai excavation team believed the images were symbolic of the Sun and reproductive worship, and partly reflected the religious beliefs (Gu, 2018). Speculated that the geometric patterns on the Yangshao amphorae were likely to be the earliest symbol of alcoholic beverages in prehistoric China, which expressed a functional significance Liu (2021a). Whether as a religious or functional expression, such an exquisite wine vessel was a funerary object and carefully buried in a niche (the only niche in the Qingtai), highlighting the significance of alcoholic beverages in the late Neolithic.
Previous studies have pointed out that the drinking patterns in the Yangshao Culture were likely to communal siphoning drinking with group dancing (Liu, 2017b; Liu et al., 2018b; Liu et al., 2020a; Liu et al., 2020c). In the early Yangshao period, this kind of communal feast was mainly to maintain community solidarity. While in the late period, it was the competitive feasting for gaining and maintaining personal status (Feng et al., 2021). However, the phenomenon of siphoning drinking has not been observed in Qingtai. Funnel for filtering and small painted bottle for storage from Qingtai indicated a new way of drinking pattern, which might have evolved from communal siphoning drinking to drinking alone, or a few people using cups to drink the clear liquid poured from the bottle. Although no evidence of wine cups was found in this study, which may be related to the small sample size, scientific evidence has been provided for the use of wine cups at the Shuanghuaishu, the same period and area site as the Qingtai site (data from Jingwen Liao’s master thesis, unpublished). In general, the appearance of these new wine vessel types reflected the changes in drinking methods of prehistoric humans in the early civilized society of the late Yangshao culture. But it is unclear whether this change in drinking patterns implied a new form of social organization in the late Neolithic period.
5 CONCLUSION
This paper provides a scientific case study of the production and consumption of alcoholic beverages in the early civilized Chinese society by analyzing microfossils and organic acids on 17 pieces of late Neolithic pottery from the Qingtai site. Multiple shreds of evidence suggest that the painted bottle, funnel, and lid at the Qingtai site, a large-scale settlement of the late Yangshao culture, were associated with brewing and serving mixed filtered alcohol beverages, which were probably fermented by fruits and/or honey. The ingredients were mainly foxtail millet, rice, Job’s tears, Triticeae, snake gourd root, lotus root, legumes, nuts, fruits, and/or honey. What’s more, this research has also shown that the jiandiping amphora or flat-based jars at the Qingtai site were probably not used for brewing or drinking. Another major finding is that people in Qingtai preferred to drink filtered alcohol alone, or a few people drink the filtered alcohol poured from the painted bottle.
As a pilot study, our simulation experiments propose a more cautious model for the interpretation of alcohol residues, and offer the first comprehensive archaeobotanical and organic chemical analyses of Chinese prehistoric alcoholic vessels, highlighting the regional differences in the Yangshao Culture alcoholic vessels, brewing techniques, and drinking patterns. Unfortunately, although a variety of artifacts potentially associated with the brewing process were sampled, the fermenter and wine cup were not found in Qingtai yet, probably because of the limited sample size. Moreover, the links between the consumption of fermented beverages and social changes at a critical time in the origin of Chinese civilization were not sufficiently discussed in our paper. Thus, a further expansion of the sample size and the integration of cultural context and archaeological data are expected in future work to enhance our understanding on the role of prehistoric alcoholic beverages in the origins of world civilization.
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A review of ethnological and archaeobotanical evidence shows the potential for a range of starch-rich woody plants, beyond tuberous plants, to have been important foods in prehistoric south subtropical China. In this paper we review the size and shape characteristics of starch granules non-tuberous woody plants (Palms, Cycads and Acorns) that our research has identified as important sources of carbohydrates for prehistoric communities. The study sample consists of 34 modern starch reference samples across eight genera (Palms: Arenga, Caryota,; Cycads:Cycas; and, Acorns: Castanopsis, Fagus, Lithocarpus, Quercus, and Quercus section Cyclobalanopsis). Our descriptive criteria are developed granule descriptors standard in the literature and then assessed for their utility using multiple correspondence analysis. The results demonstrate that both morphometric characteristics and the maximum size of granules are valuable for distinguishing starch granules at various taxonomic levels. Of the five morphometric characteristics recorded in this study sample, granule shape is the most effective variable for granule identification.
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1 INTRODUCTION
Starch grain analysis contributes to the understanding of several archaeological issues including prehistoric diet (e.g. Loy et al., 1992; Barton 2005; Lu et al., 2005; Liu et al., 2010; Yang and Jiang 2010; Yao et al., 2016), tool use (e.g. Piperno et al., 2004; Revedin et al., 2010; Buckley et al., 2014; Ma et al., 2014) and the emergence of agriculture and plant domestication (e.g. Denham et al., 2003; Pearsall et al., 2004; Perry et al., 2007; Yang et al., 2012). To contribute to these fields, it is normally necessary to attempt a taxonomic identification of recovered starch granules by direct comparison with available reference material and sometimes with published granule descriptions from other studies (e.g. Torrence and Barton 2006; Yang and Perry 2013; Yao et al., 2016; Guan et al., 2020; Lucarini and Radini 2020; Tsafou and García-Granero 2021). A morphometric analysis by granule description is the most common approach (e.g. Loy 1994; Piperno and Holst 1998; Torrence and Barton 2006; Liu et al., 2014; Mercader et al., 2018; Brown and Louderback 2020), but some limitations are recognized including the experience of the analyst, the breadth of the reference collection, the state of granule preservation (e.g. Lamb and Loy 2005; Barton 2009; Yang and Perry 2013; Ma et al., 2019), and complications arising from a similarity of granule size and shape between species (e.g. Liu et al., 2014; Guan et al., 2020). The development of expert systems for granule identification, or at least an increased reliance on quantitative approaches that are not so dependent on subjective decisions made by the analyst, have been recommended (Torrence et al., 2004; Wilson et al., 2010; Liu et al., 2014; Coster and Field 2015; Arráiz et al., 2016; Louderback et al., 2016). To date, no expert system has replaced the need for an experienced analyst to identify granules at a taxonomic level. With the growing importance of this technique in archaeology, and the potential it has to resolve important questions about tool use and diet in prehistoric China, here we apply some statistical procedures to assess the reliability of our recording variables so that we may improve the reliability of identification of ancient starch granules from our study region of south subtropical China.
Starch residue analyses of stone tools from a range of archaeological sites in south subtropical China, dating between 10,000 and 2,000 BP, has already provided direct evidence for the critical horticultural hypothesis, which emphasized the importance of tuberous plants, such as taros (e.g. Colocasia spp.), yams (e.g. Dioscorea spp.), and lotus root (Nelumbo nucifera Gaertn), in the indigenous diet and agricultural system (e.g. Li and Lu 1987; Yin 2000; Lu 2003; Zhao 2005; Yang et al., 2013; Li et al., 2016). Our review of the available historical texts and some archaeological finds from southern China, however, reveal that some lesser-known starch-rich woody plants, including acorns, palms and cycads, may have also contributed significant calories to the communities in this region (Cao et al., 2011; Ge 2015; Geng 2019; Liu 1983; Liu et al., 2012; Zhou et al., 2014; Fuller and Qin 2010; Yang et al., 2013).
Edible acorns (nuts of the Fagaceae family) were once an important food staple for hunter-gatherer and farming communities in the northern hemisphere. Archaeological records document the consumption of large quantities of acorns in the woodlands of Europe, North Africa, Southeast Asia and North America (e.g. Fuller and Qin 2010; Higham 2014; Messner 2011; Humphrey et al., 2014; Kawashima 2016; Lentfer et al., 2013; Noshiro 2016; Sasaki and Noshiro 2018; Stevens and Mcelreath 2015; Tushingham and Bettinger 2013). Preserved acorn exocarps (the tough outer shell) have been recovered from several waterlogged sites in southern China, including the Tianluoshan site (7,000–6,000 BP) in the Yangtze River Basin and the Guye site (5,900–5,000 BP) in the Pearl River Delta (Fuller et al., 2011; Institute of Cultural Relics and Archaeology of Zhejiang Institute of Cultural Relics and Archaeology 2004; Yang et al., 2018). At the Tianluoshan site, acorns (Cyclobalanopsis/Lithocarpus/Quercus) were stored in special purpose subterranean storage pits (Fuller and Qin 2010). Acorn starches have been identified from the surfaces of stone tools at the Xiaohuangshan site (9,000–7,700 BP), charred residues inside the ceramic pottery at the Kuahuqiao site (8,000–7,000 BP), and dental calculus at the Qihe Cave site (c. 9,500 BP), indicating long-term use of this plant resource in the local and regional diets of southern China (Guan et al., 2018; Liu et al., 2010; Yang and Jiang 2010; Yao et al., 2016). However, acorns, as food staples, were gradually replaced by other crops, including domesticated rice (Fuller and Qin 2010). In the historic period, acorns remained important in seasonal diets, but were relegated to a supplementary food or famine food, as noted, for example, in Lu’s Commentaries of History (finished c. 239 BC), or the Compendium of Materia Medica (finished in 1578). Today, some ethnic minorities in southwest China, such as the Dong people and Wa people, still preserve the tradition of acorn consumption, albeit on a small scale (Supplementary Table S1) (Cao et al., 2011; Liu et al., 2012; Zhou et al., 2014).
Another important, though sidelined starchy plant foods in southern China is the palms which store starch in the trunk pith, recorded as Guanglang (桄榔), Suomu (莎木, the possible phonetic name of “sago”), and Mianmu (面木, meaning the trees with flour) (Ge 2015; Geng 2019; Lin 1997). The archaeological evidence for this foodstuff is confirmed only at the Xincun site in the Pearl River Estuary (5,300–4,400 BP) by recovered starch granules from at least two genera of palms (Caryota Lour. and Coryphya L.) (Yang et al., 2013). However, Chinese scholars have identified several genera of palms with edible pith, including guanglang (Arenga spp.), fishtail palms (Caryota spp.), as well as some species of cycads (Cycas spp.), from a series of Chinese historic texts (Ge 2015; Geng 2019; Lin 1997). For example, Hua Yang Guo Zhi (Eastern Jin Dynasty, 317–420 AD) recorded guanglang flour being consumed in the cities of the Yunnan-Guizhou Plateau where cereal crops were lacking. According to Shu Du Fu, this flour was already one of the critical commodities in the markets of the Sichuan basin, a region outside the natural range of these plants, at the time of the Wei-Jin dynasties (c. 220–315 AD), (Flora of China, online at: http://www.iplant.cn/info/%E6%A1%84%E6%A6%94?t=foc). This record shows the importance of this food, and that it was a traded commodity in some regions of southern China in the historic period. The Zhuang people in Longzhou, Guangxi still value guanglang flour as a traditional food and a medicinal supplement for treating diarrhoea (Ge 2015).
From the above review, we expand our range of important food plants in prehistoric southern China beyond roots and tubers to incorporate starchy palms, cycads and acorns, which may have been underestimated as important foods in previous studies. We therefore seek to expand our range of identifiable starches and look to the statistical analysis of modern reference materials to improve methods of identification as well as establish a reliable identification key for these species.
2 MATERIALS AND METHODS
2.1 Modern Starch Reference Collections
The starch reference collection for this study comes from a total of 31 reference samples of oak trees (Fagaceae, n = 29) and two new collections of guanglang landraces (Arenga westerhoutii). These specimens are supplemented for analysis by species of palm (Caryota obtusa) and cycads (Cycas pectinata and Cycas panzhihuaensis) already included in the Chinese Modern Starch Reference Database held at the Institute of Geographical Sciences and Natural Resources Research, Beijing (Table 1).
TABLE 1 | Modern reference study sample.
[image: Table 1]The oaks, Fagaceae, were primarily obtained from the Herbarium of the Kunming Institute of Botany while some Fagus samples were provided by the Herbarium of the Institute of Botany, Chinese Academy of Science. We also collected some Quercus nuts in the field with botanists, such as Q. semecarpifolia nuts from the woodland behind the Huanglong Temple in Yunnan Province and Q. variabilis/Q. franchetii from the Kunming Botanical Garden (Table 1). With the help of botanists, we selected as “intact and mature” samples as possible for this study. All of them were identified to species level by botanists from the Kunming Institute of Botany, Chinese Academy of Sciences. We purchased two “landrace” samples of guanglang flour (Arenga) from local markets in Longzhou, Guangxi. The red sample is the reddish flour extracted from guanglang palm trees over 10 m in height, which have low starch content. It is said that this guanglang landrace is a rare wild landrace which is difficult to cultivate. The white flour is from high-yielding cultivated trees that grow to around five to 6 m tall. Other starch materials including Caryota and Cycas were analyzed from slides held in the China Modern Starch Grain Morphological Database.
2.2 Method of Extraction of Starches From Specimens
Following the protocols developed by Yang et al. (2009), we released the starch grains from the acorn kernels by the following method: 1) the nut, in a small plastic sealed bag, was broken with a hammer; 2) small pieces of broken nut were transported to new sterile test tubes with pure water for 24 h soaking; 3) after soaking, the samples were crushed with clean glass stirring rods to fully release the starches. The two purchased samples of guanglang palms were collected as ground flour. We dissolved 1 g flour into 20 ml of distilled water for the sample preparation.
All the starch solutions of acorns and guanglang flour were pipetted onto clean glass slides and mounted in a 50%/50% glycerine/water solution. The prepared slides were observed using a Zeiss AxioMAT at the Starch and Residue laboratory, School of Archaeology and Ancient History, University of Leicester. Images of the starch granules were taken with Zeiss AxioCam and Zeiss AxioVision software. For statistical purposes, a minimum of 100 granules of each sample were recorded. We measured the longest orientable measurement of each granule and recorded the following morphological features: granule shape; hilum position; presence/absence of fissures; the form of the fissure; presence or absence of lamellae; and surface texture (smooth/rough) (Supplementary Table S2).
2.3 Analyzing Method of Selected Variables
We observed all 34 samples including those newly collected for the database (Table 1), and expect at least 100 starch grains to be measured in each sample. If not enough granules were observed, we continued to sample until exhaustion of the sample itself. The collected data, including maximum granule length and the morphological variables (granule shapes, hilum position, lamellae visibility, fissure types, and surface texture) were recorded. The maximum granule sizes were measured using Zeiss Axiovision. We then tested the utility of granule size as a discriminating feature for starch identification statistically, despite the fact that much granule size overlap makes it difficult to use granule size as an independent discriminator. An assessment of the maximum granule sizes indicates that the values of most species tested do not have a normal distribution (Supplementary Table S4), violating the assumption required for parametric analysis (Wang 2013; Zhang 2014). Accordingly, we employ a non-parametric test to the dataset, the Kruskal–Wallis test for multiple independent samples. These statistical procedures are performed with SPSS v25.0.
We counted the proportion of each category of the recorded morphological variables to observe and summarize their distribution. In our descriptions of granule morphotypes, we follow the approach of previous studies (e.g. Torrence et al., 2004; Torrence and Barton 2006; Yang and Perry 2013; Liu et al., 2014; Mercader et al., 2018), including overall shape, fissure types, lamellae visibility, hilum position and surface texture (Figure 1 and Supplementary Table S2). We further use a geometric typology that separates overall granule shapes into four categories: irregular-shape type; ovate types; polygonal types; and faceted types. The ovate types include drop-shaped (an ovate with a wide shoulder and one pointed end; Figure 1B), pestle-shaped (an ovate with a shoulder at the hilum, tapering toward the distal end; Figure 1E), spindle-shaped (an ovate with two symmetrically pointed ends; Figure 1G), sphere and oval-shaped. And the faceted types are granules with a spherical or ellipsoid surface but abutting each other in the plant cell causing facets to form (Figure 1), including bell-shaped (Figure 1A), faceted spheres (Figure 1C), and spherical caps (Figure 1F). We then calculate the percentage of all the features observed in the starch samples at a species level, in order to identify diagnostic features.
[image: Figure 1]FIGURE 1 | Some of the morphological features considered in this paper: (A) bell-shaped granule with rough surface (Cyclobalanopsis glauca); (B) drop-shaped granule (Quercus cocciferoides); (C) faceted spherical granule (Cycas pectinata); (D) irregular polyhedron granule (Castanopsis hystrix); (E) pestle-shaped granule with visible lamellae (Caryota obtusa); (F) spherical cap granule (Cycas pectinata); (G) spindle-shaped granule with visible lamellae (Arenga westerhoutii (red)); (H), triangle granule with v-shaped fissure (Quercus variabilis); (I) linear fissure; (J) and (k) longitudinal fissure; (L), stellate fissure.
Besides the granule description, we applied statistical procedures to reduce dependence on subjective decisions. As multivariate analysis has been effectively applied in previous starch reference analyses (Devaux et al., 1992; Liu et al., 2014; Torrence et al., 2004), we also select a multivariate analysis approach, multiple correspondence analysis (MCA), to analyse our morphometric data through SPSS v25.0. The MCA results are scatter plots in two dimensions (e.g. Figure 5), presenting a data set with categorized variables in a two-dimensional graph (Beh and Lombardo 2014; Devaux et al., 1992; Greenacre 2007; Le Roux and Rouanet 2005; Macheridis 2017). The variables (shown in the columns) are plant taxa, granule shape, fissure pattern, lamellae visibility, hilum position and surface texture, and each object (shown in the rows) represents an individual granule from our dataset. Inertia measures an approximate level of homogeneity within the dataset, the higher the value the greater the correspondence among the data (Greenacre 2007). The centroid of the result plot represents the average distribution in each row, which means that the closer the point comes to the centroid, the less different it is from the rest of the observations (Zhang and Dong 2013). The closer the distribution of the category points in the plot, the more relevant they are in the dataset (Franco 2016). The input dataset for the analysis of all productive species is a 2115∗6 matrix. As the main body of our samples is from Fagaceae samples, we therefore analyzed the Fagaceae samples separately. To avoid outliers, we exclude 107 rows where the shape features have high frequency in palm and cycad starches, as distributional patterns of these plots would give emphasis to these uncommon features (Greenacre 2007). Hence, a 1462∗6 matrix was analyzed using SPSS 25.0.
3 RESULTS AND DISCUSSION
3.1 Broad Trends in the Observation Data
In our study sample, a total of 19 species, from seven genera, produced slides with over 100 granules (Table 1). We note that for 15 species of Fagaceae nuts, no, or only few, starch granules were recorded. The Lithocarpus chrysocomus sample released only one 15.89 μm granule (Figure 2: 11) and Fagus sylvatica produced only a few tiny agglomerated granules (Figure 2: 16). The lower starch content of some species, such as Fagus species, is in accordance with published data (Supplementary Table S3). Ida et al. (2017) tested the nutritional content of some edible beechnuts (Fagus spp.) which were once consumed in central Honshu, Japan, indicating that these nuts are high in fats, but low in carbohydrate. But there are some inconsistencies (Supplementary Table S3). For example, Lithocarpus corneus, which has been found to have a starch content of 47.78% of the kernel (Yang 2014), did not release any granules in our study (Table 1).
[image: Figure 2]FIGURE 2 | Starch granules from woody starch plants. 1–16, acorn kernels:1, Castanopsis platyacantha; 2, Castanopsis hystrix; 3, Castanopsis fargesii; 4, Castanopsis sclerophylla; 5, Cyclobalanopsis glauca; 6, Cyclobalanopsis chapensis; 7, Cyclobalanopsis gambleana; 8, Cyclobalanopsis phanera; 9, Lithocarpus cleistocarpus; 10, Lithocarpus litseifolius; 11, Lithocarpus chrysocomus; 12, Quercus cocciferoides; 13, Quercus oxyphylla; 14, Quercus variabilis; 15, Quercus franchetii; 16, Fagus sylvatica; 17–18, guanglang palm: 17, Arenga westerhouti (red); 18, Arenga westerhouti (white); 19, fishtail palm: Caryota obtusa; 20–21, cycads: 20, Cycas panzhihuaensis; 21, Cycas pectinata. Scale, 20 μm. The red arrows shows the pits in the granules.
From the productive starch samples, we first review the broad trends in the data, specifically the morphological data and granule size for each category of plant in our sample. In terms of maximum length, Lithocarpus cleistocarpus has the smallest starch range in our sample, both in terms of mean size (9.2 μm) and median size (8.7 μm). The starch granules of the Arenga landraces are much larger than those of other plants (Table 1). However, there is, generally, a lot of overlap in the sizes of our samples, especially of acorns, which may make it difficult to identify them by granule size alone (Figure 3 and Table 1).
[image: Figure 3]FIGURE 3 | Box plot of the granule sizes of the starches examined.
The first feature we note is surface texture, which differs between acorn and palm/cycad starch granules (Figure 4). It is clear that all palm/cycad starch grains have smooth surfaces, whereas in the acorn samples, there are some granules with a rough surface (Figure 4). Among the starches examined, the palm granules are most likely to have visible lamellae. They also have a higher percentage of granules with an eccentric hilum. Conversely, the fissure patterns make it difficult to classify the granules recorded, as the majority do not bear any fissures (Figure 4).
[image: Figure 4]FIGURE 4 | Percentage distribution of morphological features among plant species (Data shown in Supplementary Table S2).
We chart the four categories of granule shapes with different colors (Figure 4). The grey type includes irregular-shape granules. The faceted types are in blue, while the ovate-types in orange, the polygonal types (e.g. Figure 1D) in red. Of the facet types, bell-shaped granules are concentrated in the Cyclobalanopsisand Casntanospsis sample, especially Cyclobalanopsis glauca (Figure 2: 5) which accounts for 56% of its total sample (Figure 4 and Supplementary Table S2). The faceted spherical granules are mainly found in the cycad samples, which separately account for 46 and 56% of the study sample (Figure 4 and Supplementary Table S2). Spherical cap granules occur in small proportions in both Cycas and Lithocarpus. For ovate types, oval and spherical granules are widely distributed in every sample. Drop-shaped granules are primarily observed in Quercus while pestle-shaped and spindle-shaped granules are most frequent in palms. Most species produce some form of polygonal granules (Figure 4). However, we note an irregular type, with wavy edges or concave/convex surfaces (Figure 1D), mostly observed in Castanopsis. The two species of this genus, C. hystrix (Figure 2: 2) and C. fargesii (Figure 2: 3) also have a high percentage of normal polygonal granules.
3.2 Non-Parametric Test of Maximum Granule Size
Although the overlap in size of our samples cannot be ignored (Figure 3), the Kruskal–Wallis test indicates significant differences among the granule size data (H = 1422.199; df = 18; p < 0.05). Further pairwise comparison results (Table 2) reveal the differences in the size distributions. Combining the median granules size (Table 1) and adjusted significance values (Table 2), we first note the large-sized granule group containing Cycas panzhihuaensi and two landraces of Arenga (Figure 3, Group 3), for which the median size is larger than 20 microns (Table 1). However, there is no significant difference between the three samples. The group of two Lithocarpus samples and three Quercus samples (Figure 3, Group 1) have the same size distributions with a median size smaller than 10 microns (Table 1).
TABLE 2 | Adjusted significance values of pairwise comparison results of the Kruskal–Wallis test.
[image: Table 2]The remaining species produce medium-sized granules (Figure 3, Group 2), which can be roughly classified into two groups. The first contains five species, Castanopsis fargesii, Castanopsis platyacantha, Cyclobalanopsis chapensis, Quercus cocciferoides, and Castanopsis sclerophylla, which have similar size distributions, but can be distinguished from other species (Table 2). The second contains four species, Castanopsis hystrix, Cyclobalanopsis glauca, Cyclobalanopsis gambleana, and Caryota obtusa (Table 2). The median size of the former group (12.0–13.1 microns) is smaller than the latter (14.4–15.4 microns) (Table 1).
The size of Cyclobalanopsis phanera has a similar distribution to Quercus variabilis, Lithocarpus litseifolius, Castanopsis fargesii, and Castanopsis platyacantha, the median size of which is 11.0 microns, while Cycas pectinata (median size = 13.6 microns) has no statistically significant difference in size from the most abundant species (n = 9) (Table 2).
3.3 Multiple Correspondence Analysis of Morphological Data
3.3.1 Discrimination of all Starches at Species Level
The first-time analysis indicates that the variable fissure pattern has the least discrimination value within the dataset (Supplementary Table S5), which corresponds to our overview of the data (Figure 4). Hence, we exclude this column from the second analysis. The second-time analysis at species level shows the differences in our reference starches, with the first dimension explaining 52.3% of the inertia and the second dimension explaining 38.8% (Supplementary Table S5). The result plot (Figure 5) shows that we can distinguish species within the genus Fagaceae.
[image: Figure 5]FIGURE 5 | MCA result of morphometric data of starches at the species level. Labels: Species: 1, Castanopsis platyacantha; 2, Castanopsis hystrix; 3, Castanopsis fargesii; 4, Castanopsis sclerophylla; 5, Cyclobalanopsis glauca; 6, Cyclobalanopsis chapensis; 7, Cyclobalanopsis gambleana; 8, Cyclobalanopsis phanera; 9, Lithocarpus cleistocarpus; 10, Lithocarpus litseifolius; 11, Quercus cocciferoides; 12, Quercus oxyphylla; 13, Quercus variabilis; 14, Quercus franchetii; 15, Arenga westerhoutii (white); 16, Arenga westerhoutii (red); 18, Caryota obtusa; 18, Cycas pectinata; 19, Cycas panzhihuaensis. Shapes: BE: bell shape, DR: drop shape, FA: faceted sphere, IP: irregular polyhedron, IR: irregular shape, OV: oval shape, PE: pestle shape, PO: polygonal shape, SP: sphere, SC: spherical cap, SS: spindle shape, TR: triangle. Lamellae visibility: L-A: lamellae absence, L-P: lamellae presence. Surface texture: R: rough surface, S: smooth surface. Ellipses are not statistical, but hand-drawn to isolate key woody plant forms (Acorns, Cycads, Palms).
The Cycadaceae cluster is located in the first quadrant, i.e. the positive direction of both dimensions. This cluster contains two granule shapes, faceted spherical type and spherical cap type, indicating the close correlation between these and the two cycad samples. The other morphological features, according to the discrimination measures (Supplementary Table S5) and the point locations (Figure 5), which characterise the granules in this cluster are no lamellae, centric hilum, and smooth surfaces. These characteristics are fully consistent with our observations of the overall trends (Figure 4).
Along the first dimension, we note another cluster of three Palmae samples, with the points of pestle-shaped, spindle-shaped, and visible lamellae indicating the major morphological features of the Palmae granules (Figure 5). As this cluster is also located in the second quadrant, the Palmae granules are distinguishable by other variables, including those that strongly affect the negative direction of the first dimension, eccentric hilum, and the positive direction the second dimension, smooth surfaces. But the results of the two guanglang landraces show a high degree of consistency, so we cannot distinguish them further by their morphological features.
The points representing Fagaceae species are far away from the palm and cycad samples, revealing evident differences in morphological features (Figure 5). The most consistent difference is that the granules from edible acorns tend to have rough surfaces, which can be seen in the percentage distribution of the morphological features (Figure 4). We also note that the four Cyclobalanopsis species and Castanopsis platyacantha, in the dashed circle of Figure 5, may be distinguishable from other species, as they are relatively far away from the centroid. The granules may have a bell shape or irregular polygonal shape, with rough surfaces. However, the Fagaceae species are relatively close to the centroid of the plot, suggesting that they may represent the average features of our dataset. This may be because the sample of Fagaceae is larger than the other two genera. Hence, we decide to analyse the Fagaceae independently, to find their morphological differences.
3.3.2 Discrimination of Fagaceae Granules at Both Species Level and Genus Level
The analysis of the Fagaceae starches, at both the species level and the genus level, shows that the variables fissure type and lamellae visibility have weak discriminant value (Supplementary Table S5), consistent with Figure 4, that is, the Fagaceae starches commonly have no fissures or lamellae. Therefore, we focus on the variables of shape, hilum position and granule surface texture within the dataset which could be used to discriminate acorn starches.
The results at the species level show the differences in our reference starches, with the first dimension explaining 51.7% of the inertia and the second dimension explaining 41.0% (Supplementary Table S5). Of the two binary variables, based on the discrimination measures (Supplementary Table S5), dimension 1 is related to hilum position, i.e. species along the positive direction of dimension 1 tend to have centric hilum, while dimension 2 is surface texture. In this case, we note five rough clusters of Fagaceae starches in the plot (Figure 6A).
[image: Figure 6]FIGURE 6 | MCA result of morphometric data of Fagaceae starches: (A) at the species level; (B) at the genus level. Labels: Species: 1, Castanopsis platyacantha; 2, Castanopsis hystrix; 3, Castanopsis fargesii; 4, Castanopsis sclerophylla; 5, Cyclobalanopsis glauca; 6, Cyclobalanopsis chapensis; 7, Cyclobalanopsis gambleana; 8, Cyclobalanopsis phanera; 9, Lithocarpus cleistocarpus; 10, Lithocarpus litseifolius; 11, Quercus cocciferoides; 12, Quercus oxyphylla; 13, Quercus variabilis; 14, Quercus franchetii. Shapes: BE: bell-shape, DR: drop-shape, FA: faceted sphere, IP: irregular polyhedron, IR: irregular shape, OV: oval shape, PE: pestle shape, PO: polygonal shape, SP: sphere, SC: spherical cap, SS: spindle-shape, TR: triangle. Lamellae visibility: L–A: lamellae absence, L–P: lamellae presence. Surfaces texture: R: rough surface, S: smooth surface.
Cluster 1 contains the points for two Lithocarpus species with spherical granules. This indicates a correspondence between spherical granules and these two species. These granules also have a centric hilum and smooth surface. Cluster 2 shows the associations between bell-shaped granules and the species Castanopsis platyacantha, Cyclobalanopsis glauca and Cyclobalanopsis gambleana. These granules tend to have a centric hilum but rough surface. Along dimension 1, there are two clusters in the negative direction, representing granules with eccentric hilum. Cluster 3 indicates that the granules of Cyclobalanopsis chapensis and Cyclobalanopsis phanera are similar in morphology, characterized as oval with rough surfaces. Cluster 4 includes Quercus cocciferoides, Q. variabilis and Q. franchetii. These granules mainly have a drop shape but can be classified further. Compared to the other two species, the starches of Q. cocciferoides are more likely to have rough surfaces, consistent with the percentage calculation (Figure 4).
Cluster 5 is located in the positive direction of the second dimension, representing an overall trend for granules with smooth surfaces. This cluster contains two species of Castanopsis, C. hystrix and C. fargesii, and has polygonal features, showing their correspondence. According to the point locations, C. hystrix tends to produce normal polygonal granules, but C. fargesii may produce irregular types. This result is consistent with the trends represented by the granule shape percentages. We note that the C. hystrix granules may have a higher occurrence of an eccentric hilum. Based on the percentage calculation (Supplementary Table S2), the difference in this variable between these two species is minor.
The result at the genus level (Figure 6B) show that discrimination is possible at this taxonomic level, with the first dimension explaining 48.8% of the inertia and the second dimension explaining 38.6% (Supplementary Table S5). In the results plot, the feature hilum position, which has a large measure of discrimination in the first dimension, distinguishes Quercus from others, specifically, Quercus granules have a higher probability of having an eccentric hilum than the other three genera. Similarly, Cyclobalanopsis starches are more likely to have rough surfaces.
This result also reveals the most identifiable shape features of the four Fagaceae genera. The identification keys include bell-shaped granules for Cyclobalanopsis and drop-shaped granules for Quercus. The Castanopsis and Lithocarpus granules seem to be similar in shape, irregular polyhedrons, polygons and spheres. However, according to the percentage distribution of the shape features (Figure 4), we suggest that spherical granules are common in Lithocarpus starch sample, while polygonal granules, especially irregular types, are Castanopsis. This result matches our previous analysis of morphological characteristics at the species level.
4 Identification Scheme of Woody Plant Starches
The identification of productive woody starch granules in this study combines two methods of mutual verification: a traditional morphmetric analysis made by an expert and automated computer-based statistical analyses. The statistical analyses confirms that both the numerical variables of maximum granule size and nominal morphological variables are useful to discriminate starches of various plant taxa, supporting previous attempts to identify plants using a morphometric method (e.g. Torrence et al., 2004; Yang and Perry 2013; Liu et al., 2014; Coster and Field 2015). Non-parametric tests statistically evaluate the distribution differences of granule sizes between the samples examined. Multiple correspondence analysis can be used to visualize the correlation between morphometric data and plant taxa in a two-dimensional plot and calculate the contribution of each categorized variable, which can help an analyst select those that are most critical for discriminating starches.
In our cases, the fissure types of the starches from woody plants make the least contribution in starch identification. However, we can reasonably identify granules from tested edible acorn kernels, cycad pith and palm pith in southern China on the basis of size and other morphological features. The identification scheme is summarized as follows.
(1) The spindle-shaped or pestle-shaped granules, with eccentric hilum, clear visible lamellae, smooth surface and non-fissure are the typical starches from starchy palm pith including Caryota obtuse (Figure 2:19) and the two landrace samples of Arenga westerhoutii (Figure 2:17–18). The size data can be used to make an inter-genus distinction, as the maximum granule sizes of the two guanglang landraces (mean size = 26.4/29.5 microns) are statistically larger than those of fishtail palm (mean size = 18.1 microns) (Table 1).
(2) The diagnostic morphological features of the two Cycas species are fully identical. They have faceted sphere or spherical cap shapes with a smooth surface and centric hilum, but without any fissures or visible lamellae (Figure 2: 20–21). However, the two Cycas are statistically different in size, with granules from C. panzhihuaensis (mean size = 20.6 microns) larger than those from C. pectinata (mean size = 14.1 microns) (Table 1), which can be used to make an inter-species identification.
(3) Starch granules from acorn kernels are more likely to have rough surfaces and various morphological features by comparison. Based on our analyses, though, we can discriminate further at genus level.
(a) Quercus granules (Figure 2:12–15) are most distinguishable within the acorn starches, as they have a typical granule form, which has drop shape, eccentric hilum, but no fissures or visible lamellae. In our observations, some of them have a small pit at their pointed ends (Figure 2:12), making them more identifiable. Among the species collected, Q. cocciferoides are distinguishable, because the maximum granule size of this species (mean size = 13.1 microns) is statistically larger than the other three species (mean size = 10.0/10.1/10.2 microns) which are in the smallest granule sample of our dataset.
(b) A rough bell-shape granule with centric hilum is the most identifiable type of Cyclobalanopsis at the genus level (Figure 2: 5–8). Of the four species studied, the starch samples of C. glauca (Figure 2: 5) and C. gambleana (Figure 2: 7) are dominated by these typical granules. The maximum size data do not show a statistically significant difference between them (Table 2). The other two species, C. chapensis (Figure 2: 6) and C. phanera (Figure 2: 8), have identifiable granules, but are more likely to produce oval granules, according to both traditional analyses (Figure 4) and the MCA results (Figure 6A). Their granule sizes are also smaller than the former two species, of which C. phanera is the smallest (mean size = 11.5 microns).
(c) The granules of Lithocarpus are statistically smaller (with size medians smaller than 10 microns) (Figure 3), while the two species L. litseifolius and L. cleistocarpus cannot be distinguished by size. They are also similar in morphology, having spherical shapes, centric hilum and smooth surfaces, without any fissures or visible lamellae (Figure 2: 9–10). Such granule form seems to be widespread in many other plants, for example, lotus seeds (Nymphaea tetragone) (Wan et al., 2011). Therefore, we return to the granule images, and note that there is a small pit at the centre of the granule (Figure 2: 10) which may help to distinguish this genus.
(d) The Castanopsis granules (Figure 2: 1–4) are characterized by irregular polygonal shapes, with centric hilum and smooth surfaces, although the percentage distribution of shape features suggests that this is not the major form in some species (Figure 4). On the basis of size, C. hystrix granules (mean size = 14.3 microns) are larger than those of the other three Castanopsis species.
The study shows that it is possible to identify starches among plant taxa using both numeric size data and nominal morphological features. Traditional identification is effective for setting up an identification scheme, and multiple correspondence analysis applied to morphological data is also a useful approach in the early stage of discriminating identifiable features of modern reference collections.
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FOOTNOTES
1Recent molecular studies of the oak grouping, Cyclobalanopsis, has revised this Southeast Asian group to the section level within the genus Quercus (see Denk et al., 2017; Hipp et al., 2020; Zhou et al., 2022). As we understand it, the use of the term Cyclobalanopsis refers in part, to the particular phenotypic expression of acorns in having acorns with distinctive cups bearing concrescent rings of scales; they commonly also have densely clustered acorns, though this does not apply to all of the species. Phenotypic differences will have mattered to hunter-gatherers collecting these plants�while they may have processed and eaten them in similar ways to all other Quercus, the visual differences in the acorns, while not significant in terms of their molecular evolution, are likely to have featured in ethno-taxonomies. Differences in growth habitat will also have mattered to hunter-gatherers and be significant in our consideration of their use as a food in prehistory. To align our paper with previous studies and to reduce confusion in comparisons of starch granules, we continue to refer to Cyclobalanopsis sp. in this paper, while recognising it is technically inaccurate in current botanical scholarship.
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Mainland Southeast Asia experienced a long, sustained period of foraging economy before rice and millet farming spread into this area prior to 4,000 years BP. Although hundreds of individuals from dense cemeteries are found in several hunter-gatherer sites in Guangxi, Southern China, and Northern Vietnam, dating from the early to middle Holocene (ca. 9,000–4,500 years BP), so far, little has been known about food sources in these pre-farming contexts. In particular, plant food resources have been unclear, although they likely were crucial to supporting rather large populations of hunter-gatherers in this region. To investigate this issue, micro plant remains, including starches and phytoliths, were recovered from stone tools excavated at the Cai Beo site in Ha Long Bay of coastal Northeastern Vietnam, and those findings revealed new understanding of the ancient diet. Examinations of those residues indicated that the hunter-gatherers at Cai Beo as early as 7,000–6,000 years BP exploited a broad spectrum of plants, such as taros, yams, acorns, palms, and more. This study exemplifies how maritime hunter-gatherers interfaced with the local plants and generated population growth from about 7,000 to 4,500 years BP. The results help us to conceptualize the early exploitation, management, and potential cultivation of subtropical and tropical plants over the broad geography of Asia and the Pacific before the arrival of rice and millet farming. In particular, the result validates the significance of roots and tubers in the ancient subsistence economy of Southeast Asia. Moreover, from the archaeological context of 4,500 to 4,000 years BP, the rice discovered in this study represents one of the earliest known in Mainland Southeast Asia.
Keywords: Hunter-gatherers, starch, phytolith, Vietnam, Southeast Asia, rice, Ha Long Bay
1 INTRODUCTION
Mainland Southeast Asia (MSEA) experienced a long, sustained period of foraging economy before agriculture spread into this area more than 4,000 years ago (Bellwood et al., 2011; Castillo et al., 2018; Higham, 2021). Before rice in coastal Southern China and MSEA, several complex hunter-gatherer groups and affluent village settlements emerged around 7,000 years BP or even earlier. They are remarkable in terms of their population size and social development (Zhang and Hung, 2012; Hung, 2019). This phenomenon probably was related to an advanced subsistence economy, wherein people obtained marine resource supplies and exploited various starch-rich plants, which provided carbohydrates and produced energy to support the stable growth of coastal societies.
Historical records and modern observations have shown clearly about the importance of tropical, starch-rich plants, such as roots and tubers, palms, bananas, and others, among the traditional societies living in the subtropical and tropical areas of Asia and the Pacific islands (Barton, 2012; Matthews et al., 2012). Therefore, these same food sources may have supported the initial cultural development and population growth in these areas. However, until now, the archaeobotanical evidence has been limited across the region, other than in Papua New Guinea, which has been considered as the forerunner in exploiting, managing, and domesticating taros, yams, and bananas (Denham et al., 2003; Fullagar et al., 2006; Loy et al., 2015). Nonetheless, the hypothesis of the original domestication of taro (Colocasia esculenta, Araceae) in Papua New Guinea has been challenged by recent DNA analysis (Ahmed et al., 2020) that instead indicated an origin generally within Southeast Asia (Matthews, 1991; Yoshino, 2002; Matthews, 2014; Ahmed et al., 2020).
Through archaeobotanical studies at a few sites in coastal Southern China and Island Southeast Asia (ISEA), the discovery of a broad spectrum of plants, including taros and yams, sago palms, bananas, tree nuts, and others (Barton and White, 1993; Barker et al., 2007; Oliveira, 2008; Yang et al., 2013; Yang et al., 2017) has provided new insights into the exploitation of subtropical and tropical plants from the late Pleistocene to middle Holocene periods.
In the previous studies in MSEA, most efforts concentrated on the emergence of rice and millet agriculture (Weber et al., 2010; Nguyen, 2013; Barron et al., 2017; Castillo et al., 2018). Therefore, the knowledge about ancient plant usage beyond rice was limited to a few woody plants, palms, bamboos, and wild fruits (Pyramarn, 1989; Bowdery, 1999; Nguyen, 2008). In such a research background, systematic studies of the pre-farming period (i.e., prior to 4,500–4,100 years BP) in MSEA can fill the knowledge gap in the Asia-Pacific archaeobotanical record.
Cai Beo, a representative ancient coastal settlement in Northeastern Vietnam dating to ca. 7,000 to 4,000 years BP, is ideal for the archaeobotanical studies that can address such a research question. Furthermore, the integrated findings of ancient starches and phytolith analyses could clarify the subsistence strategies and human-environment relationships of the ancient coastal people in Southeast Asia (SEA).
2 MATERIALS AND METHODS
2.1 Site Description and Sample Collection
The Cai Beo site (N 20°43′8″, E 107°3′2″), nearly 4 m above current sea level, is located on Cat Ba Island, the largest island in Ha Long Bay in the Hai Phong Municipality (Figure 1). Cai Beo was reported first by French archaeologist Madeleine Colani who then conducted a small-scale test excavation in 1938 (Colani, 1938). Later, in 1972, 1973, 1981, 1986, and 2006, the site was excavated five times by Vietnamese archaeologists, opening a total excavated area of 449 m2 (Nguyen, 2005; Nguyen, 2009). The known distribution area of Cai Beo is around 18,000 square meters.
[image: Figure 1]FIGURE 1 | Location of the Cai Beo site. The site is shown by a red triangle.
Several hundreds of kg of large fish bones and marine shells were reported from the excavations at Cai Beo, indicating a sea-oriented economy (Nguyen, 2019). Additionally, rich terrestrial animal remains, such as masked civet, brown bear, deer, elk, wild boar, elephant and monkey, were reported from the site (Li, 2019), indicating an ancient forest environment at that time.
The deposit of Cai Beo contains three cultural layers, named as Pre-Halongian, Proto-Halongian, and Ha Long Culture during the 1973 excavation. However, since 1981 excavation, it has been generally suggested that the deposit of the site involves a local “Cai Beo phase” (subdivided into Cai Beo phases 1 and 2) and the later “Ha Long phase” (Figure 2). The lower two cultural layers of Cai Beo, phases 1 and 2, span about 7,000 through 5,000 years BP. This estimate is based on a radiocarbon date (ZK-328-0, see below) and comparisons with similar findings at another five Cai Beo cultural sites in Ha Long Bay (Nguyen, 2005; Nguyen, 2009).
[image: Figure 2]FIGURE 2 | Trench profile of south wall of H3, Cai Beo site (1973 excavation, after Nguyen, 2009: 62).
The lowest layer (Cai Beo phase 1, see Figure 2: Cultural Layer I) represents the earliest occupation of the site. This layer is 2.4–3.2 m deep, consisting of sand deposits mixed with round gravels, debris, marine fish bones, oysters, and other seashells. Large numbers of stone tools were discovered, including many grinding tools (Figure 3A, all of which exhibited visible usage wear. Most stone tools are flaked chopping tools produced by the direct strike method. Additional items were disc-shaped tools, pointed tools, ¼ round pebble tools, stone hammers, stone anvils, and others. The so-called “polished stone tools” unearthed from this layer had shown sharpening only on the blade part. The discovered potsherds are small in number and size, characterized as thick and coarse. The middle cultural layer (see Figure 2: Cultural Layer II/Cai Beo Phase 2) is 1.2–2.4 m deep, and polished stone axes appeared in this layer.
[image: Figure 3]FIGURE 3 | Typical stone tools collected from the Cai Beo site (Scale bar: 5 cm). (A) Grinding stone, (B) Muller/Pounder, (C) Pitted stone, (D) Stone tool with “Ha Long Mark”, (E) Scraper, (F) Pointed tool.
The radiocarbon date (ZK-328-0) of 6,893–6,391 cal. years BP (5,810 ± 115 uncal. years BP, half-life: 5,730 years) (or 5,645 ± 115 uncal. years BP, half-life: 5,570 years) was obtained from fish bones (Laboratory of the Institute of Archaeology, 1977) excavated from the Cai Beo cultural layer. Other time indicators include the characteristics of human burial practice, craniometry, pottery and lithic remains (Nguyen, 2009). For instance, similar Haolizhuo (oyster picks) lithic tools were found at Cai Beo cultural layers widely distributed along the coastal southern China sites in Fujian, Guangdong, and Guangxi from 7,000 to 5,000 years BP (Hung, 2019). A flexed burial unearthed from the Cai Beo cultural phase has been identified as the Australo-Papuan affinity by Nguyen Lan Cuong (Nguyen, 2009). Both the flexed burial and the Australo-Papuan affinity are the key cultural indicators of hunter-gatherers in pre-Neolithic Southern China and Southeast Asia (Higham, 2013; Hung et al., 2017; Matsumura et al., 2019).
During the 1981 excavation, the lowest cultural layer was noticed in a position beneath and therefore pre-dating a marine transgression layer (about 20 centimeter thickness, a sterile gravel layer) that appeared in the depth of 2.4 meters under the square surface. Therefore, the earliest occupation at the site must have pre-dated this marine transgression (Nishimura, 2006) that had occurred at 6000 to 5500 years ago in the area of Ha Long Bay (Nguyen and Tran, 2009). This dating constraint further supports the proposed age of the Cai Beo cultural phase 1 as preceding the range of 6000–5500 cal. years BP.
The upper layer of the Cai Beo site represents the Ha Long cultural phase (Figure 2: Cultural Layer III), generally considered as starting around 4,500 years BP (Nishimura, 2006; Nguyen, 2009; Peng, 2018). At this site in particular, the associated layer is 0.2–1.2 m deep. New forms of wholly polished stone tools included well polished shouldered axes and quadrangular adzes. Other stone objects were chisels, hammers, sandstones with the so-called “Ha Long mark”, and stone rings. Compared with the findings from the preceding Cai Beo cultural layers, the pottery in the Ha Long cultural layer appeared in large quantities and in more varied forms and decorations, including the use of a wheel-thrown technique in some cases.
More than 38 sites around Ha Long Bay have been grouped into the Ha Long Culture in terms of the artifact association and time period (Nguyen, 2019). Among those Ha Long cultural sites, radiocarbon dates show an age post-dating the older “Cai Beo” context. The available C14 dates from several Ha Long cultural sites concentrated from ca. 4,500 through 3,500 cal. years BP (Chen, 2007; Nguyen, 2009; Nguyen and Tran, 2009; Nguyen and Clarkson, 2013; McColl et al., 2018; Peng, 2018). For instance, one of the C14 dates from Ba Vung site is 4,727–4,517 cal. years BP (4,100 ± 40 uncal. years BP, charcoal sample) (Chen, 2007), and another Ha Long cultural site of Hon Hai Co Tien is dated to 4,381–3,926 cal. years BP (3,755 ± 60 uncal. years BP, human bone sample) (McColl et al., 2018). At the Cai Beo site, the pottery and other artifacts from the Ha Long layer generally accord with the expectations of the early Ha Long Culture association.
During this project, we had submitted 12 samples from Cai Beo, including one human skull, one deer horn, one deer tooth, five mammal bones, and four marine fish bones, to Beta Analytic for AMS dating. Unfortunately, a reliable collagen fraction could not be isolated and purified from any of these samples. As a result, the bone material cannot be dated. However, the basic chronology and two major cultural phases of the site can be reconstructed through multiple lines of evidence as has been outlined here.
2.2 Micro Plant Extraction and Identification
In total, 22 stone tools from Cai Beo were examined in this study for micro-plant remains. The samples include grinding stones, mullers/pounders, pitted stones, stone tools with the so-called “Ha-Long Mark”, scrapers, and pointed tools (Figure 3; Table 1). In addition, four control samples were collected from the non-use surface of stone tools and the storage in Hai Phong and Hanoi to detect modern contamination. All of the stone tools analyzed in this study had been excavated by Kim Dung Nguyen and colleagues from 1972 to 1986 from the Cai Beo site, and they were stored at the Hai Phong Museum and Institute of Archaeology in Hanoi.
TABLE 1 | Types and numbers of starches recovered from the study of stone tools from the Cai Beo site.
[image: Table 1]The sediments and dust on each tool’s surface were first rinsed with distilled water and then cleaned in an ultrasonic bath with distilled water for 5 minutes to recover the residues. Next, the ultrasound mixtures were transferred to test tubes, which were processed to recover the micro plant remains, including starches and phytoliths, in the Department of Archaeology and Natural History laboratory, The Australian National University.
The extraction process of starch and phytolith followed the process of previous studies (Lu et al., 2008; Yang et al., 2013; Pearsall, 2016; Deng et al., 2017). First, the starch samples were isolated with LST (lithium heteropolytungstate) heavy liquid (density 1.9), mounted on a slide in a solution of 10% glycerine and 90% distilled water, then sealed with nail polish. For the preparation of the phytolith samples, the residues were rinsed three times with distilled water, and then the samples were separated with heavy liquid (density 2.35). After the above steps, the samples were rinsed twice with distilled water and then one more time with 30% ethyl alcohol. Finally, the phytolith samples were mounted on the slide with Canada Balsam. The slides of starch and phytolith were observed, measured, and counted under the optical microscope (Machine model: Olympus BX-51), respectively.
The identification of ancient starches is based on the modern reference collections from Vietnam 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) (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). Furthermore, the identification of phytolith types was in accordance with the International Code for Phytolith Nomenclature and published documents (Wang and Lu, 1993; Katharina et al., 2019).
3 RESULTS
3.1 Starch Grains
In total, 2,364 starch grains were recovered from the 22 stone tools (Table 1). Only very few starches were found in the control samples of non-use contexts, indicating that the starches recovered from the use surfaces of stone tools were indeed related with the ancient use. One hundred seventy-six starch grains could not be categorized due to the lack of diagnosable characteristics. In comparison, the other 2,188 starch grains can be classified into seven types and 17 subtypes based on their morphological features and biological attributes after comparison with modern references (Figures 4–6). The details of each type are described below.
[image: Figure 4]FIGURE 4 | Ancient starches recovered from residues on the stone tools (under polarized and brightfield light). (A-A′) Type Ia, Colocasia esculenta, (B-B′) Type Ib, Colocasia spp., (C-C′) Type Ic, Alocasia spp., (D-D′) Type IIa, Dioscorea esculenta, (E-E′) Type IIb, Dioscorea alata, (F-F′) Type IIc, Dioscorea bulbifera, (G-G′) Type IId, Dioscorea sp., (H-H′) Type IIe, Dioscorea sp., (I-J’) Type IIIa, Quercus sp., (K-K′) Type IIIb, Cyclobalanopsis sp., (L-L′)Type IIIc, Lithocarpus sp., (M-M′) Type IIId, Castanopsis sp., (N-N′) Type IVa, Arenga pinnata, (O-O′) Type IVb, Caryota urens, (P-P′) Type V, Angiopteris sp., (Q-Q′) Type VI, Kaempferia sp., (R-R′) Type VII, Musa sp. Scale bar, 20 μm.
[image: Figure 5]FIGURE 5 | Modern starch references relevant to this study (under polarized and brightfield light). (A-A′) Colocasia esculenta, (B) Colocasia antiquorum, (C) Colocasia sp., (D-D′) Colocasia konishii, (E-E′) Alocasia macrorrhizos (picture is sourced from (Fullagar et al., 2006)), (F-G′) Dioscorea esculenta, (H-H′) Dioscorea alata, (I-I′) Dioscorea bulbifera, (J-J′) Dioscorea sp., (K-K′) Quercus franchetii, (L-L′) Cyclobalanopsis phanera, (M-M′) Lithocarpus litseifolius, (N-N′) Castanopsis hystrix, (O-O′) Arenga pinnata, (P-P′) Caryota urens, (Q-Q′) Angiopteris yunnanensis, (R-R′) Kaempferia galanga, (S-S′) Musa sp. Scale bar, 20 μm.
[image: Figure 6]FIGURE 6 | Starch sizes from Cai Beo compared with modern reference samples.
3.1.1 Type I Starch
Type I starch grains (N=1,203, 55% of the total) are identified as Aroids. They are classified into three subtypes, mainly according to their sizes.
Type Ia starch grains (N=13) are usually smaller than 5 μm in dimension, and their shapes are difficult to distinguish. As a result, we could not identify all of them under the microscope. However, if the grains appeared in sheets or as clusters (compound grains), then they were easier to find (Figures 4A–A’). Type Ia starch grains best matched the features of taros (Colocasia esculenta) after comparing them to our reference material (Figures 5A–A’). Notably, large quantities of small granules were extracted from 21 stone tools. Although the small granule sizes created difficulty in observing their cross-arms under the polarized light, they nonetheless resembled the starch grains of wild taro (Colocasia antiquorum) or Alocasia sp. (Figures 5B,C).
Type Ib starch grains (N=722) are spherical, sub-rounded, or rounded polygonal with multiple facets (Figures 4B–B’). Their sizes range from 5.67 to 12.59 μm, with the mean size being 8.87 ± 1.19 μm. These features are most consistent with the Colocasia spp. (Figures 5D–D’).
Type Ic starch grains (N=468) exhibit shapes similar to Ib starch grains (Figures 4C–C’), except that their sizes are much larger, with the mean size of 12.73 ± 1.92 μm. About 96% of starch grains are larger than 10 μm. Many of the underground storage organs from the Araceae plants produce this kind of starch. However, this type best matches the features of the Alocasia spp. (Figures 5E–E’).
3.1.2 Type II Starch
Type II starch grains (N=701, 32.04% of the total) exhibit the distinct morphology that characterizes them into the Dioscorea genus, including five subtypes.
Type IIa starch grains (N=487) are characterized by their small size, polygonal shape, and centric hilum (Figures 4D–D’). Only a few species of Dioscorea produce this kind of starch (Fullagar et al., 2006; Hang et al., 2006). Type IIa starch grains are most comparable with tubers of the lesser yam (Dioscorea esculenta) (Figures 5F–G’).
Type IIb starch grains (N=121) are generally triangular or elliptical in shape with eccentric hilum (Figures 4E–E’). The mean size is 20.26 ± 7.1 μm. They best match the characteristics of the purple yam (Dioscorea alata) (Figures 5H–H’).
Three starch granules are classified as Type IIc, resembling angular triangles with flat bases (Figures 4F–F’). This granule type was easy to distinguish from others due to its angular shape. This type could be identified as “air potatoes” (Dioscorea bulbifera) (Figures 5I–I’).
Type IId starch grains (N=41) are irregular ovate shapes, with highly eccentric hilum and bent cross-arms (Figures 4G–G’). This type closely resembles a modern reference belonging to the Dioscorea genus, collected from local markets in the Yunnan Province of China (Figures 5J–J’).
Type IIe starch grains (N=49) resemble elongated ovals with eccentric hilum (Figures 4H–H’). Their grain sizes range from 14.9 to 46.68 μm, with the mean size being 26.15 ± 6.59 μm. This type most likely comes from a kind of yam (Dioscorea sp.), but more comparable reference material will need to be collected in order to ascertain a species.
3.1.3 Type III Starch
Type III starch grains (N=254, 11.61% of the total) share the same features with acorns (Fagaceae). Therefore, they are classified into four subtypes.
Type IIIa starch grains (N=145) are irregularly oval or droplet-shaped (Figures 4I–J’), which are the typical features of the Quercus sp. (Figures 5K–K’).
Type IIIb starch grains (N=86) are oval or bell-shaped. The hilum is eccentric, and sometimes the lamellae are visible (Figures 4K–K’). Compared with our reference material, this type most closely resembles the species of the Cyclobalanopsis genus (Figures 5L–L’).
Type IIIc starch grains (N=11) are round with centric hilum. Some granules present linear fissures and visible lamellas (Figures 4L–L’), showing the same features as the Lithocarpus sp. (Figures 5M–M’).
Type IIId starch grains (N=12) are characterized by their polygonal shape, centric hilum, and visible lamellae (Figures 4M–M’). This type best matches the feature of the Castanopsis sp. (Figures 5N–N’).
3.1.4 Type IV Starch
Type IV starch grains (N=15, 0.68% of the total) can be sub-divided into two groups. Eleven of the 15 starch grains (Type IVa), ranging 16.2–40.93 μm in size, with an elongated, irregular oval shape and highly eccentric hilum (Figures 4N–N’), best match those from sugar palm (Arenga pinnata) (Figures 5O–O’) from our reference collection. The other four starch grains (Type IVb) are small ovate in shape with faint lamellae, similar to the starch from Kitul Palm (Caryota urens) (Figures 4O–O’, Figures 5P–P’).
3.1.5 Type V Starch
Type V starch grains (N=6, 0.27% of the total) have a large oval shape with well defined lamellae or irregularly compounded with complex extinction crosses (Figures 4P–P’). Based on the comparative collections, Type V starch grains share the typical features of the terrestrial fern (Angiopteris sp.) (Figures 5Q–Q’), from which the starches in rhizomes are known as substitutes for staple foods (Liu et al., 2012).
3.1.6 Type VI Starch
Eight starch grains are classified as Type VI starch. They are oval in shape with highly eccentric hilum, ranging 10.94–26.03 μm in size (Figures 4Q–Q’). The morphological characteristics of Type VI starch grains are typical in gingers (Zingiberaceae), and they most closely resemble the rhizomes of the Kaempferia sp. (Figures 5R–R’) from our reference material.
3.1.7 Type VII Starch
Only one starch grain belonging to Type VII. It is 28.61 μm in length, with an irregular ovoid shape and wrinkled texture (Figures 4R–R’) similar to the starch characteristics of bananas (Musa sp.) (Figures 5S–S’).
3.2 Phytoliths
Given the fact that most roots and tubers do not produce phytoliths, the phytoliths extracted from the surface of the stone tools are scarce. However, 80 phytoliths were recovered (Figure 7), the majority of which could be classified taxonomically only to the family level.
[image: Figure 7]FIGURE 7 | Phytolith assemblages recovered from surface residues on stone tools.
Fifteen globular echinate phytoliths are from palms (Aracaceae) (Figure 8A. Additionally, phytoliths from rice were discovered, including the scale decorated bulliform produced by rice leaf tissue, double-peaked phytolith produced by rice glumes, and parallel bilobate from stems (Figures 8B–E). The percentage of rice bulliform phytoliths with ≥9 fish-scale decorations can be used to differentiate wild rice from domesticated rice (Saxena et al., 2006; Huan et al., 2015). However, the numbers of rice bulliform phytoliths recovered in Cai Beo is small (n=9) and the decorations were obscure to observe, and therefore we could not ascertain whether they were wild or domesticated. One volcaniform phytolith was identified, originally from the leaf of banana (Musa sp.) (Figure 8F).
[image: Figure 8]FIGURE 8 | Examples of phytoliths extracted from the Cai Beo site. (A) Palm spheroid echinate, (B) Bulliform flabellate from Oryza, (C–D) Bilobates parallel, (E) Double-peaked glume cell, (F) Volcaniform phytolith. Scale bar, 20 μm.
4 DISCUSSION
The microfossil studies of plant residues recovered from Cai Beo indicate that the coastal hunter-gatherers utilized a broad spectrum of plants, including taros, yams, acorns, palms, and others. More than 80% of the total starch grains are identified as yams and taros, reflecting the practical economic significance of roots and tubers in the ancient subsistence system of MSEA. This finding constitutes the first validation that taros and yams were essential plant food sources during the pre-farming ancient contexts in the tropical coastal area of MSEA.
4.1 Edible Aroids (55% of the Total Starches)
Edible aroids (family Araceae) comprise many underground food crops grown in tropical and sub-tropical regions. They are essential food crops in India, SEA, and the Pacific islands (Opara, 2003). At several sites in the ISEA and the Pacific, aroids often are discovered together with yams, in which Colocasia, Alocasia, and Cyrtosperma are reported (Barton and White, 1993; Barton, 2005; Fullagar et al., 2006; Barker et al., 2007; Loy et al., 2015). A study of ancient starch remains from the Niah cave in Borneo have identified grains of aroids (Alocasia spp.) from the upper layer of the Hell Trench sequence dating to less than 40,000 years BP (Barker et al., 2002; Barton, 2005).
Taro (Colocasia esculenta) is one of the oldest and most important cultigens in the Indo-Pacific region (Blench, 2012; Spriggs and Matthews, 2012). Nowadays, taro has persisted as one of the most significant staple diets and cultural elements in many parts of SEA. Still, the role of taro in Southeast Asian prehistory has been underestimated due to the lack of palaeobotanical study. Furthermore, the original domestication center of taro is still disputed (Oliveira, 2012). The greatest diversity of wild Colocasia species appears to extend from northeast India to southern China, within the Himalayan region of MSEA (Matthews, 1991). As mentioned, although some suggested independent domestication of taro occurred in Papua New Guinea during the early to middle Holocene (Matthews, 1991; Fullagar et al., 2006; Golson et al., 2017; Golson, 2020), a recent study of chloroplast DNA of taro does not support this hypothesis. Instead, it reveals that the cultivated taro was introduced into Papua New Guinea from SEA after an early or middle Holocene domestication (Ahmed et al., 2020).
Previously, a study in Guangxi of southwest China has recovered taro (Colocasia esculenta) starches from the Zengpiyan cave site (ca. 12,500 to 7,600 years BP). Starches were discovered on the excavated stone tools (Lu, 2003). Our new finding from Cai Beo confirms the early and long-term exploitation of taro in MSEA, which in accordance with archaeological, ethnobotanical, taxonomic, and genetic studies, helping to reconceptualize the management and domestication process of taro on a larger scale. A future archaeobotanical survey will concentrate on the remains found in older cave sites in Southern China and MSEA.
4.2 Yams (32.04% of the Total Starches)
SEA and its adjacent areas are presumed to be one central origin and diversification center for yams (Arnau et al., 2017). In addition, several species of Dioscorea, such as D. alata, D. esculenta, D. pentaphylla, etc. commonly are consumed as regular dietary foods or as famine foods, fodder, and ethnomedicines in tropical Asia and the Pacific region (Maneenoon et al., 2008; Dutta, 2015; Andres et al., 2017). For example, an ethnobotany study in Peninsular Thailand reported that 15 species of Dioscorea were found in the living areas of the hunter-gatherer Sakai tribe at Banthad Range, in which eight species are consumed as main food sources by the Sakai people there (Maneenoon et al., 2008).
Previously, many archaeobotanical findings of yams have been reported from highland New Guinea, where modern humans possibly exploited yams around 40,000 years ago and integrated them into cultivation before 6,000 years BP (Fullagar et al., 2006; Summerhayes et al., 2010). In ISEA, related archaeobotanical evidence had been sporadic (Paz, 2001; Mijares, 2007; Oliveira, 2008). The starch granules and charred parenchyma from Dioscorea sp. discovered in the Niah cave presumably could date back to 40,000 years ago (Barton, 2005; Barker et al., 2007). Compounded with the lack of sufficient approaches of archaeobotanical works in ISEA, the roots and tubers naturally were preserved quite poorly in the humid tropical environments. Until now, with our new research, the evidence has been missing about Dioscorea consumption dating back to pre-Neolithic or even Neolithic MSEA. The study at Cai Beo has recovered a variety of yams, such as Dioscorea alata, Dioscorea esculenta, and Dioscorea bulbifera. These Dioscorea spp. plants require a set of knowledge and skill in harvesting, grinding, roasting, and processing (Maneenoon et al., 2008; Sharma and Bastakoti, 2010).
4.3 Acorns (11.61% of the Total Starches)
At least four genera of Fagaceae were recovered from Cai Beo, identified as Quercus sp., Cyclobalanopsis sp., Lithocarpus sp., and Castanopsis sp. As seen in other hunter-gatherer societies (Nguyen, 2008; Nguyen, 2014), the exploitation of acorns was an essential practice among the ancient hunter-gatherers in Ha Long Bay.
Several types of tree nuts, such as Juglans, Quercus, Castanopsis, Canarium, are found frequently at Hoabinhian sites (ca. 20,000–9,000 years BP) in Northern Vietnam (Nguyen, 2008; Nguyen, 2013), as well as in other parts of Mainland Southeast Asia (Higham, 2014). Pollen studies have shown that these trees, including Fagaceae plants, were prevalent during the middle Holocene in Northern Vietnam (Nguyen, 2014). The Fagaceae plant resources in Vietnam, rich with 45 species of the genus Quercus, have been identified. Among these 45 species, 38 belong to the subgenus Cyclobalanopsis, and seven species belong to subgenus Quercus (Binh et al., 2018a; Binh et al., 2018b). In addition, Castanopsis sp. and Lithocarpus sp., which belong to the evergreen forest type, can be found on rocky slopes in Cat Ba National Park on Cat Ba Island today (Thin, 1998).
The processing tasks of acorns as foods are diverse and labor intensive. Many species of acorns were used as tree crops in ancient societies across the world (Cao et al., 2007). The seeds of acorn trees could be consumed after being ground into flour and leached (Mason, 1995). Furthermore, acorn trees often were used as timber for floors, furniture, and traditional remedies (Dolai et al., 2012; Wan Omar et al., 2019).
Ancient acorns were reported from nearby coastal hunter-gatherer sites in the Pearl River Delta in Guangdong, dating to a similar age as the Cai Beo phase (Li, 2020). According to the study by Li (2020), acorns and oak-chestnuts undoubtedly were the essential starch sources for the indigenous communities in the Pearl River Delta during 6,000 through 4,500 years BP, and the use of acorns reduced after 4,500 years BP, about the time when rice farming started to appear. Similarly, our discoveries from Cai Beo suggest that acorns were part of the standard diet of ancient foragers in Ha Long Bay.
4.4 Palms
Micro-remains from Arecaceae are commonly found in ancient sites in Mainland and Island SEA (Yen, 1977; Paz, 2001; Barton, 2005; Oliveira, 2008; Castillo et al., 2020). At Cai Beo, two types of starches from palms were recovered. The Sugar Palm (Arenga pinnata) is an endemic plant to Southeast Asian countries (Haryoso et al., 2019). In Vietnam, it is grown on the highlands in the central or northern parts of Vietnam (Nguyen et al., 2014). It is a versatile plant, and almost all of its physical and production parts can be utilized (Ishak et al., 2013; Azhar et al., 2019).
The Kitul Palm (Caryota urens) naturally inhabits the understory tree stratum in tropical Asia’s moist lowlands and submontane forests (Rangabhashiyam and Selvaraju, 2015). It is a multipurpose palm. The starch extracted from its pith is known as “Kithul flour”, and it is claimed to have health benefits according to folklore and Ayurveda (Wimalasiri et al., 2016).
Moreover, the discovery of palm phytoliths in Cai Beo indicates that the plant naturally grew near the site. A previous study at Xincun (ca. 5,300 through 4,420 years BP) of the Guangdong coast, about 700 km to the north from the Ha Long Bay, demonstrated that the sago-type palms were a primary plant food before the rice in south China (Yang et al., 2013). Although the finding of starches from Arecaceae at Cai Beo is limited (N=15, 0.68% of the total), we cannot exclude the possibility that people had produced and consumed sago in Ha Long Bay.
4.5 Edible Ferns
The starches of a terrestrial fern (Angiopteris sp.) have been identified on the grinding stones excavated from Cai Beo. Edible ferns are among the most common wild food plants used by people worldwide. The stems, rhizomes, leaves, young fronds, shoots, and some whole plants of ferns can be used as food (Mannan et al., 2008). The rhizomes and stems of the Angiopteris sp. are rich in starch, and they are served as food in India and in China (Chen et al., 2010; Liu et al., 2012). In particular, in China, ethnic minorities in Yunnan, Guangxi, Guizhou, and Sichuan provinces of the southwest region consume much more fern species than the other parts of China (Liu et al., 2012).
The border region between the South-eastern Yunnan Province and Northern Vietnam is one of the areas with the richest biological diversity, including that of Angiopteris (Wang et al., 2020). During the historical period of SEA, the ferns of Angiopteris evecta (G. Forst.) Hoffm., Cibotium barometz (L.) J. Smith, Cyathea spp., and Pteridium aquilinum (L.) Kuhn were served as supplementary food sources or used for producing alcohol. These traditions have mostly been abandoned since modern times (De Winter and Amoroso, 2003). The recovered ancient starches of Angiopteris sp. from Cai Beo could reflect an early case of extracting and processing fern starch food in SEA more than 5,000 years ago.
4.6 Rice
Today, the findings of rice remain in MSEA date back to about 4,100–4,000 years BP (Weber et al., 2010; Barron et al., 2017; Nguyen, 2017; Castillo et al., 2018). The evidence for rice farming in the southern coastal areas of China dates back to about 5,000–4,500 years BP (Zhang and Hung, 2010; Yang et al., 2017; Li, 2020). A recent study confirms that the earliest rice and millet appeared together in the Pearl River Delta of Guangdong at 4,800–4,600 cal. years BP (Deng et al., 2022).
Sixteen rice phytoliths (N=16) were identified from the Ha Long cultural layer at Cai Beo. Although the discovered rice phytoliths from the site were too few to conclude whether they were wild or domesticated, importantly the rice phytoliths were restricted solely to the upper layer of this site within the Ha Long Culture association (Figure 7). These findings likely relate to the general context of agriculture that started in the northeastern coast of Vietnam around 4,500 years BP.
These findings emphasize the many new elements of cultural material remains that first appeared in the Ha Long cultural layer of this site. Indeed, further research will be needed to investigate this topic through more radiocarbon dating and a detailed chronology of the sites in this region.
4.7 Kaempferia
The genus of Kaempferia is widespread and cultivated throughout SEA (Nopporncharoenkul and Jenjittikul, 2017). Nowadays, Rhizomes and leaves of Kaempferia galanga often are used as a flavoring in Vietnamese cuisine. However, because the discovered number of Type VI Starch in this study is small (N=8), the ancient use of these plants is unclear at this time.
4.8 Banana
Although only one starch granule and one phytolith of bananas (Musa sp.) were found in Cai Beo, this finding indicates the possibility that these coastal hunter-gatherers may have known about bananas and attempted to exploit them.
5 CAI BEO IN A WIDER CONTEXT
The coastal habitations in Northeastern Vietnam and Southern China experienced a rapid development by 7,000 years BP, reflected in larger settlements and dense population. Several cultural groups contemporary with Cai Beo flourished in inland and offshore Southern China and northern Vietnam, for example as seen in the Xiantouling cultural group in Guangdong coast, the Keqiutou group in Fujian, the Dingshishan group in Guangxi, and the Da But group in Thanh Hoa and Ninh Binh. Even though they presented distinct cultural characteristics, some of the similarities in burial practices, pottery vessels, or stone artifacts indicated the cultural contacts between these hunter-gatherer communities in southern China and northern Vietnam (Zhang and Hung, 2012; Hung, 2019).
These hunter-gatherers shared similar subsistence patterns and likely consumed or utilized specific types of plants and animals. Archaeobotanical research in Guangdong and Guangxi revealed the diverse plant resources exploited by these affluent hunter-gatherers. For example, at least since 9,000 years BP or even earlier, Canarium nuts had been in long-term use by hunter-gatherers in southern China and Southeast Asia (Deng et al., 2019). The ancient settlement of Xincun in coastal Guangdong utilized a wide range of starch-rich plant foods, particularly sago palms, their dominant exploited plant (Yang et al., 2013). In addition, macro and micro remains of Acorns (Quercus, Lithocarpus, Cyclobalanopsis, Castanopsis) have been recovered from several sites in the Pearl River Delta region (Yang et al., 2017; Li, 2020). Domesticated animals such as dogs and pigs served essential roles in farming economies in East Asia. Still, a few of these animals may have been managed or domesticated in older pre-farming contexts. One of the best representatives is the domesticated dog (Canis familiaris) that appeared at least 9,000–7,000 years BP in the contexts of hunter-gatherer sites in Guangxi (Lu, 2010), belonging to the Dingsishan pre-farming group (Lu, 2010; Zhang and Hung, 2012; Hung et al., 2017; Matsumura et al., 2019). Some of the domestic dogs probably arrived in northern Vietnam during the pre-farming context.
Although starches and unidentified charred tubers that may come from Dioscorea sp. or Colocasia sp. were found at the Zengpiyan cave site in Guangxi (Institute of Archaeology, Chinese Academy of Social Sciences, 2003; Lu, 2003), this hypothesis of southern China origin for taro was disputable for the lack of sufficient evidence (Denham et al., 2018). Through our study, the exploitation of a broad range of plant resources by the Cai Beo people, particularly starchy root and tuber crops, including taro, can be confirmed confidently. These geophytes provided the most critical support for the coastal hunter-gatherers before rice farming in Northeastern Vietnam. As mentioned, the large subtropical and tropical area around the Himalaya region, with the high diversity of plants, has been regarded as one of the plant domestication centers for geophytes, especially taro (Matthews, 1991; Zhao, 2011; Matthews, 2014). Under such a wider cultural context, we may reconsider whether geophyte cultivation had been practiced in some ways before the arrival of rice and millet detestation in MSEA.
6 CONCLUSION
In addition to the evidence of acorns and edible ferns, the Cai Beo research validates the intensive use of taros and yams in ancient MSEA for the first time. The findings provide solid evidence to highlight the significance of tuber foods in early SEA, wherein some root crops likely were managed artificially or formally cultivated in certain degrees before rice and millet agriculture dispersed into this area around 4,500 to 4,100 years ago. Recently, a similar conclusion was proposed for other nearby coastal sites of similar age, specifically where geophyte cultivation possibly had existed in the Pearl River Delta before the time of rice farming (Li, 2020).
The first discovery of rice phytoliths in the Ha Long cultural layer is significant. The result is consistent with the findings of a recent study of ancient DNA, concluding that the Ha Long population (4,381–3,926 cal. years BP from Hon Hai Co Tien) was the admixture between the local hunter-gatherers (the Hoabinhian) and the ancestors of East Asians (McColl et al., 2018) who came to MSEA with rice and/or millet agriculture.
Further systematic research in the chronology of the Cai Beo site, as well as the cultural relation and farming dispersal between coastal southern China and the Ha Long Bay area will contribute to a complete picture of understanding the dynamic and possibly diverse transformation of human dietary habits and the early management, domestication, or translocation of certain animals and plants.
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The Yiluo River Basin is located in the Central plains of China, an area commonly known as the center of origin of ancient Chinese civilization. Agriculture lays the foundation for social and economic development and triggers societal change and archaeobotany can provide important clues on this issue. archaeobotanical study is an important perspective on the relationship between agriculture and society development. However, relatively few archaeobotanical studies have been conducted in the Yiluo River basin, and the paucity of data has hindered our understanding of the relationship between agriculture and society. Therefore, the archaeobotanical analysis at the Suyang site in the middle reach of the Luo River provides an opportunity to understand how and why agriculture and society developed. Our analytical results of carbonized plant remains and phytolith, coupled with radiocarbon dating, showed that millet was the main crop in the late Yangshao culture (5,500–5000 BP), followed by rice. However, rice cultivation in the area expanded during the Longshan culture (5,000–4000 BP), and its importance as a crop possibly exceeded millet at Suyang. From the late Yangshao to Longshan, rice was cultivated in wet fields by utilizing the Luo River floodplain on a large scale. The proportion of rice at Suyang is the highest among contemporary sites in the Central Plains. It may be related to many reasons such as suitable environmental and geomorphological conditions, advanced water management, the influence of the Qujialing culture, and population growth. In the late Yangshao culture, crop processing seemed to have been concentrated in communal areas. However, during the Longshan culture, different steps of crop processing were scattered throughout the site. This change is hypothesized as a change in the family structure and economic production. After the Yangshao period, the nuclear family became the fundamental unit for social, cultural, and economic production in the Central Plains.
Keywords: agriculture, rice cultivation, people and the environment, social organization, yiluo river basin
INTRODUCTION
As a primary center of agriculture, China developed two different farming practices around the same time during 8,000–9000 BP (Liu et al., 2009; Bettinger et al., 2010; Zhao, 2014; Yang et al., 2015; Crawford et al., 2016; Wang et al., 2018; Zhao et al., 2020). One was developed in northern China mainly for millet crops, and it spread throughout northern China (Qin, 2012). The other was developed in the Yangtze River Basin mainly for rice and was traditionally thought to be confined to southern China (Zhao and Zhang, 2009; Crawford et al., 2016). However, two sites (Jiahu and Yuezhuang) located in northern China have contradicted the traditional understanding since carbonized rice dating to 8000 BP was found, suggesting that rice had already been introduced to northern China by that time. It is believed that rice appeared in central China as earlier as the Peiligang period and became ubiquitous from the middle to late Yangshao period (Yang et al., 2015; Zhong, 2018; Wang et al., 2018). Therefore, these lines of evidence suggest that the two societies with distinctive farming systems continually interacted with each other while maintaining their separate characteristics, thus forming an important cultural landscape since the Neolithic period (Qin, 2012; Lu, 2017).
Agriculture plays an important role in the formation of Chinese civilization, and the highly developed farming system is the foundation of Chinese civilization (Qin, 2012; Lu, 2017). The Yiluo River Valley, located in central North China and with the Erlitou site as its capital from the early 2nd millennium B.C., is crucial in identifying the origins of Chinese civilization and early state formation (Han, 2015). Previous archaeobotany studies in the Luoyang Basin have provided some insights into the development of agriculture in this area. Plant remains show that dry-farming agriculture featuring millet was the principal subsistence economy of the early Yangshao period (Liu et al., 2002; Li et al., 2021). In the late Yangshao period, rice was produced in this region and became an important crop in the following Longshan period (cf. Wanggedang site). Rice generally appeared in the Central Plains of the late Yangshao and Longshan cultures. Distinguishing between wet and dry rice is key to understanding the role of rice systems in social and economic development or environmental change, given how water management is crucial to the development of a complex society. Paddy fields were found at the Huizui site in the Yiluo River basin (Rosen et al., 2015), in the sites of central Henan Province, such as Zhuhai and Yingyang sites, were considered dry rice (Wang et al., 2018, Wang et al., 2019). It is not clear which type of rice is located in the middle of the Luo River Valley.
The present archaeobotany studies in the Yiluo River Valley are mostly focused on its lower course and the Luoyang Basin and the diachronic changes in the agricultural structure (Liu et al., 2002; Zhang et al., 2019; Zhong et al., 2019). The data obtained are preliminary and use material from survey fieldwork, which lacks the application of agricultural technology and the interaction between agriculture and landscape (Lu, 2002; Lee et al., 2007; Zhang et al., 2014; Li and Zhang, 2020). The site surveyed was Suyang, located in the middle part of the Luo River Valley and surrounded by hills. Site occupation dates from the Yangshao period to the Longshan period. Comparing plant remains from Suyang with other contemporaneous sites in Central China can inform us about the subsistence and cultivation methods of crops in the area before early states appeared. In addition, analyzing the interplay between people and the environment would enhance our knowledge of the formation of the civilization of the Yiluo River Valley.
SUYANG SITE ARCHAEOLOGICAL BACKGROUND
The Suyang site is located in Suyang village in Yiyang County, Henan Province (Figure 1). It is situated in the middle of the Luo River Valley, to the south of the Luo River and north of Xionger Mountain. It extends from the foot of the mountain as a gentle slope covering 620,000 m2 with an east-west width of 970 m and a north-south length of 1,040 m. The thickness of the cultural layer is 6 m. The main modern crops grown in the area are wheat and corn; according to local villagers, rice was also grown on the floodplain of the Luo River in the 1960s.
[image: Figure 1]FIGURE 1 | Map showing the location of sites mentioned in the text: (1. Suyang, 2. Zhonggou, 3. Wanggedang, 4. Erlitou, 5. Wangchenggang, 6. Chengyao, 7. Wadian, 8. Xinzhai, 9. Zaojiaoshu, 10. Huizui, 11. Zhuzhai, 12. Yingyang) and the spatial distribution of excavation areas of the Suyang site.
The site is divided into two areas: Suyang and Xiacun, which both have ditches that keep every area separate from the other. From 2016 to 2019, the Luoyang City Cultural Relics and Archaeology Research Institute conducted excavations in Suyang and Xiacun (Figure 1). The excavation areas covered 2,000 m2, exposing buildings, pits, ditches, and other types of relics. Dating from the late Yangshao cultural to the Miaodigou Ⅱ and Wangwan Ⅲ periods, because Miaodigou Ⅱ samples too little, this article merges Miaodigou Ⅱ and Wangwan Ⅲ into the Longshan period when discussing related issues (the latest excavation show that more Miaodigou Phase II remains have been found at the site, and more samples will be analyzed in the future to distinguish the agriculture of Miaodigou Phase II and Wangwan Phase III). The Suyang site was a large and important center during the late Yangshao and Longshan periods in the middle of the Luo River Valley (Ren, 2021).
MATERIALS AND METHODS
The samples analyzed in this research were obtained from excavations undertaken during the 2016 and 2017 fieldwork seasons. All samples were collected using a targeted sampling strategy (Zhao, 2010). A total of 90 flotation samples were collected in 2016 from 63 contexts, including 10 samples from pits dating to the late Yangshao period and 53 samples from pits, stratum, and ditches dating to the Longshan period. Each sample has a volume ranging from 10 to 20 liters, with an average of 16.51 liters and a total of 1,040 liters. For the phytolith analysis, 54 samples were included, 32 from Suyang excavation pits and 11 from Xiacun excavation pits, and 11 from Xiacun excavation dishes.
All flotation samples were floated using bucket flotation on-site, and the carbonized plant remains were collected in 0.85 and 0.18 mm mesh. Once dried, the light fractions were transferred to sturdy plastic containers and labeled. After being sent to the Archaeobotany Laboratory at Shandong University (ALSDU), the light fractions were sorted, identified, and photographed using a Nikon SM 100. The number of unidentifiable seeds or plant parts was not included in the total number of analyses or the discussion.
All phytolith samples were processed and analyzed using Rosen’s protocol. (Rosen and Weniner, 1994; Rosen, 1999; Rosen, 2005). After sieving with a 0.3 mm mesh, 1 g of fine soil was removed and processed in the following steps: 1) 10% hydrochloric acid (HCL) and hydrogen peroxide (H2O2) was added to each sample to remove organic matter and minerals such as calcium and ferrum; 2) HCL was centrifuged with distilled water for 3–5 times to clean the acid; 3) 5% sodium hexametaphosphate solution was added and the samples were left for 12 h to break soil particles; 4) the soil was transferred to a test tube and pure water up to 8 ml was added; the samples were then stirred and left alone for 70 min before the water containing clay was poured out; this step was repeated five times until the clay was totally removed and the samples were then parched; 5) the samples were transferred to a small crucible and heated in a muffle oven at 500°C for 2–2.5 h; 6) the soil was transferred to a test tube while cadmium iodide heavy solution was added to make the phytoliths float on the surface of the solution. The phytoliths were then collected and washed with distilled water; and 7) fixed slides were made with neutral gum.
The identification and statistics of phytoliths were identified using a Nikon Eclipse LV100P0L microscope (200×). Four hundred phytoliths were randomly chosen from each sample to identify and count; then, they were photographed with a Nikon BF53 camera. All classifications and identifications were based on the International Code for Phytoliths Nomenclature 1.0, research on phytoliths of modern plants, and published documents on phytoliths. The identification of rice (Oryza sativa), foxtail millet (Setaria italica), and broomcorn millet (Panicum miliaceium) were based on the standards of Pearsall and Lu (Lu et al., 2009), which meant that the phytoliths of millet were only counted if it had more than two specific figures (Fujiwara, 1995; Pearsall et al., 1995; Lu et al., 2009; Gu et al., 2013; Weisskopf, 2014; Weisskopf and Lee, 2016). Some phytoliths such as square-, oblong-, pointed-, and rod-shaped phytoliths are counted even though they cannot be classified as any species because their assemblages are useful in rebuilding the ancient environment (Wang and Lu, 1993). The quantitative statistics of phytoliths follow Albert’s method, which calculates the concentration of phytoliths in 1 g soil and calculates the percentage of each kind of phytolith (Albert and Weiner, 2001). Every plant’s ubiquity is calculated by the formula the number of samples of a certain kind of plant: the total sample number ×100%.
DATING AND ARCHAEOBOTANIC RESULTS
Dating
Thirteen cereal grain samples from the Suyang site were sent to the State Key Laboratory of Isotope Geochemistry accelerator mass spectrometry (AMS) radiocarbon dating at Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. Each date was calibrated by OxCal v4.4.2, using the IntCal20 atmospheric curve. The 13 AMS C-14 dates obtained from the Suyang site are shown in Table 1. Except for one abnormal date from single wheat grain, the dates are consistent with the dates proposed by ceramic typology (Ren, 2021). The available dates can be grouped into two sets. The first set contains three dates covering the time interval 2,917–2,747 cal BC (95.4% range), which falls within the late Yangshao culture age. The second set covers the period from 2,760 to 1939 cal BC (95.4% range), which corresponds to the Longshan culture.
TABLE 1 | Radiocarbon dates and calibration results of the Suyang site.
[image: Table 1]Macro-Botanical Remains
Except for 61 stems, 47,083 seeds or fruits were recovered from flotation, of which 45,963 were identified (Table 2 and Figure 2). The density was 44.2 seeds/fruits per liter of soil. Five types of crops were found in the samples, including foxtail millet, broomcorn millet, rice, soybean (Glycine max), and wheat (Triticum aestivum). The total amount was 45,562, accounting for 99.13% of the carbonized plant remains. Every sample had all these crops, so the ubiquity of each kind was 100%. Except for some immature millets, most millets were mature and complete. Among rice, broken fragments were more abundant than complete seeds, of which 1,850 were rice spikelet bases. There were not many soybeans found in the samples, but the complete ones were six times more than the incomplete ones. The relative percentages of each crop type were as follows: foxtail millet, 73.89%; rice, 25.19%; broomcorn millet, 0.75%; and soybean, 0.16%. The ubiquity of foxtail millet is clear from all samples and periods; therefore, it seems obvious that foxtail millet was the dominant crop at the Suyang site. However, there are interesting trends; the values of relative percentage and ubiquity changed throughout the study period. The relative percentage of foxtail millet declined from the late Yangshao period to the Longshan period, while rice witnessed an increase. Simultaneously, the ubiquity of the broomcorn millet saw a slight increase, but its amount was still far below that of the others. In contrast, soybean maintained a low relative percentage throughout the entire period (Figure 3). Finally, one wheat seed was found in the sample TN5W9H34; however, it turned out to be an intrusion from modern times after AMS C-14 dating (Table 1).
TABLE 2 | Summary of the Suyang Site Flotation Samples (all phases combined).
[image: Table 2][image: Figure 2]FIGURE 2 | Representative charred plant remains from the Suyang site: (1) Setaria italica, (2) Panicum miliaceum, (3) Oryza sativa, (4) Glycine max, (5) Triticum aestivum, (6) Chenopodium sp., (7) Setaria sp., (8) Scirpus Validus, (9) Digitaria sp., (10) Corydalis sp., (11) Polygonum lapathifolium, (12) Acalypha australis, (13) Perilla sp., (14) Patrinia villosa, (15) Scirpus juncoides, (16) Diospyros sp., (17) Ziziphus sp., (18) Cryptotaenia japonica, (19) Chaenomeles sp.
[image: Figure 3]FIGURE 3 | Proportions and ubiquity of crops at the Suyang site (Late Yangshao period and Longshan period).
In addition, 401 weeds with a 0.87% relative percentage and 73.02% ubiquity were found in the samples from 37 species, of which the most abundant were Leguminosae, Chenopodiaceae, Lamiaceae, Euphorbiaceae, Polygonaceae, and Cyperaceae. Chenopodium sp., Digitaria sp., Setaria sp., Lespedeza bicolor, Melilotus sp., Perilla sp., and Polygonum aviculare. Chenopodium sp. is a crop with a long history of cultivation in some areas, such as America and Taiwan (Smith, 1984). The seeds of Chenopodium sp. unearthed together with millet from the Han Yangling site might be the earliest evidence of Chenopodium’s cultivation (Yang et al., 2009). While Chenopodium sp. remains from the Nanwa site, the Guchengzhai site and the Erlitou site recognized these seeds as a cultivar (Cheng et al., 2012; Wu et al., 2014), whether Chenopodium sp. is a farmed crop remains uncertain. In Suyang, it is possible that people gathered this weed to eat as a vegetable. Lespedeza bicolor and Melilotus sp. are common at sites in central China, and they are recognized as fodder or fuel; however, those from the Suyang site do not necessarily fit this hypothesis based on their scarcity. Fruits found in the samples were rare and were probably used as food to enrich their diet.
MICRO-BOTANICAL REMAINS (PHYTOLITH)
Various phytoliths were recovered from the samples, with an average density of 560,000 p/g. A total of 19,913 phytoliths from 54 samples were classified into 25 morphotypes. Densities varied significantly between positive samples, ranging from 2.10 to 22.84%. The identifiable morpho-types were from the husk or stem/leaf of rice and millet (Figure 4).
[image: Figure 4]FIGURE 4 | Main phytolith types from the Suyang site. (A) η-type from husks of common millet, (B) Ω-type from husks of foxtail millet, (C) Vertically-bilobe from Poaceae, (D) parallel-bilobe from rice leaf/stem, (E) bulliform from rice leaf, (F) double-peaked from rice husk, (G) smooth elongate, (H) pointed, (I) square, (J) bilobate, (K) bulliform, (L) rectangle.
The relative percentages of broomcorn millet, foxtail millet, and rice from the Yangshao period were 10.99, 11.46, and 77.55%, respectively (Figure 5). All samples from this period had more phytoliths from the husk than the stem/leaf, regardless of whether the phytoliths belonged to millet or rice. It is worth noting that the pits H1, H5, H15, and H16③ only had phytoliths belonging to the husk of millet or rice. For the Longshan period, the relative percentages of these three crops were 18.67, 14.25, and 67.09%, respectively. Similarly, in the former period, the phytoliths of husk were more abundant than those of stem/leaf. However, the relative percentage of the latter type increased. Pits SYH41, XCH7, XCH11②, XCH12②, XCH14, XCH15, and XCH17 reverted the trend where phytoliths of stem/leaf were more abundant than husk ones. In addition to rice and millet varieties, phytoliths belonging to reed were found in 28 samples (51.85%) There is a note-worthy difference between the results of phytoliths and carbonized seeds. The relative proportion of common millet and rice is much higher in the phytolith assemblage than in the carbonized results and this could be due to the biases of charred preservation (Tanja and Manfred, 2008). The microscopic nature of the phytolith should be noticed as well. The amount of each sediment sample is so small when compared to the whole feature that a tiny difference in sampling could be magnified to a larger extent on the data. After balancing the influencing factors, the carbonized plant remains will be used as the main evidence to discuss the relevant issues of crops, and the phytolith data will be the subordinate one.
[image: Figure 5]FIGURE 5 | Proportions of glume phytoliths of common millet, foxtail millet, and rice at the Suyang site.
DISCUSSION
The Status of Rice
Foxtail millet seemed to be the most important crop at the Suyang site during the late Yangshao period. Rice was less present but important at the site, considering its 80% ubiquity. Broomcorn and soybean did not equal the status of foxtail millet and rice, although broomcorn millet was slightly more important than soybean. During the Longshan period, while the status of rice seemed to improve over time.
The percentage and ubiquity of seed remains of foxtail millet would place this crop as the most important cultigen throughout both periods of occupation of the site. However, it is necessary to consider the grain size (weight) before estimating their role in the plant diet. According to the weight of carbonized seeds unearthed at the Suyang site, the results indicate that rice grew in prominence during the late Yangshao period and surpassed foxtail millet. Rice may have surpassed foxtail millet as the most important crop by the Longshan period, as shown in the graph below (Figure 6).
[image: Figure 6]FIGURE 6 | Proportions of crops in different periods in grain weight at the Suyang site.
Evidence from experimental archaeology also supports our result. When comparing the number of glume phytoliths from rice and millet of equal weight, the data showed underestimated the rice. Modern experiments have shown that millet produces more phytoliths than rice; therefore, it is expected that when millet and rice are equal in weight, millet phytoliths are more likely to occur (Zhang, 2010). In our analysis, glume phytoliths of rice were more abundant than millet, suggesting that more rice might have been produced than millet at the Suyang site. Meanwhile, we also need to pay attention to the following issues. First of all, because there are only experimental data on the glume of millet and rice, the above discussion is based on the glumes of millet and rice, and the stem leaves are not discussed. Second, phytoliths from millet husk are very fragile and more difficult to preserve, so the discussion based on husk is very preliminary, and more follow-up work is needed.
It is interesting to compare Suyang with other sites in Central China; as shown in Figure 7, the percentage and ubiquity of rice at the Suyang site are the highest. The Wanggedang site located in the Lower Luo River turned up 144 seeds of rice (4.09% of the total) recovered from systematic flotation, indicating that while rice could have been an essential part of the plant diet considering its 52% ubiquity (Zhong et al., 2019), it was still far inferior to the Suyang site. In comparison, the status of rice in the sites of Chengyao, Wangchenggang, and Xinzhai was lower than in others (Zhao, 2007; Zhong et al., 2018). In contrast, rice made a more critical contribution at the sites of Wadian in the middle of Ying River Valley, in the Mid-Holocene accumulation stage with the characteristics of minor altitude difference between terrace and riverbed, which is like a waterside village. Such a landscape made it possible for the ancients to excavate ditches and proceed with rice cultivation (Wang et al., 2015). Still, the rice in Wadian is not as crucial as that in Suyang.
[image: Figure 7]FIGURE 7 | Proportions and ubiquity of rice in the Longshan period at the Central Plain.
The Rice Arable Systems at the Suyang Site: Wet or Dry?
The recovery of 1,850 rice spikelet bases (1746 from the late Yangshao period and 104 from the Longshan period) suggests that at least some rice was processed at the site. Phytoliths from the leaf/stem or the husk of rice spanning all kinds of contexts at the Suyang site and weeds common in paddy fields such as Echinochloa and Cyperaceae were recovered in flotation samples, suggesting that rice was produced locally. Given that previous research has failed to certify whether rice was cultivated by local people in the Luo River Valley (Lee et al., 2007), the Suyang site offers compelling evidence demonstrating that people during the late Yangshao period in the Luo River Valley cultivated rice.
Even though the research suggests that Central China had a favorable environment for rice cultivation in ancient times, the question remains as to what kind of rice people chose to cultivate (Wang et al., 2018). According to Weisskopf et al. (2015a), different ratios of phytolith morphotypes to produce silica in the grass (fixed) and those that need sufficient water (sensitive) could be used to rebuild rice water settings in rice cultivation. The fixed: sensitive ratio at Suyang demonstrated a substantially higher ratio of sensitivity to fixed phytoliths, indicating that the setting in the late Yangshao period was similar to that in the Tianluoshan and Shunshanji sites (Luo et al., 2020). In the case of Tianluoshan, the results suggested wet paddy agriculture (Weisskopf et al., 2015a). Therefore, it is likely that the rice remains from Suyang was cultivated in irrigated paddies (Figure 8). It is possible that the people living at the site might have taken advantage of the surrounding swamps to grow rice. In the following Longshan period, the setting did not seem to have changed according to the ratio.
[image: Figure 8]FIGURE 8 | Percentage of sensitive versus fixed phytolith morphotypes in two periods at the Suyang site; percentages exclude all phytolith types not within the sensitive/fixed classification as defined by Weisskopf et al. (2015a).
Furthermore, four seeds of Scirpus juncoides, a shallow water plant, were recovered at Suyange, indicating wet conditions around the settlement. Additionally, a paddy system was found in the Huizui site located in the lower Yiluo River Valley, which led us to search for the same thing at Suyang (Rosen et al., 2017). Unfortunately, there have been no remains suggestive of a paddy field found, probably due to the small excavation areas.
Now, we answer why the status of rice in the Longshan period grew despite the lack of improvement in the cultivation method. Paleoenvironmental research suggests that Henan Province was under the influence of subtropical monsoon climate during the Yangshao period, which means that it had higher temperature and precipitation than in modern times (Li et al., 2015). For example, the deposited sediment from a profile at the Zaojiaoshu site revealed that the area had a warmer and wetter climate than the present, parallel to the modern climate in the middle-lower Yangtze Plain (Zhang and Li, 1997). The charcoal found in the Suyang site was from various species, including Aceraceae, Bambusoideae, Pinus sp., Quercus sp., Populus sp., Ulmus sp., and Cercidiphyllum sp. Bambusoidea, only grows in wet and humid environments, indicating that the area enjoyed a wetter climate in the past. Suyang Site is located on the T2 terrace of southern Luo River (Ren, 2021). About 7,200 years ago, the T1 terrace began to form along with the erosional downcutting of Luo River. The increasing sediment accumulation brought sediment-rich clay and ponding depressions which provided the appropriate setting for rice cultivation. It is credible that there are large floodplain areas suitable for rice cultivation on both sides of the Luo River near the he Suyang site (Rosen et al., 2015; Zhang et al., 2018; 2019).
In addition to environmental reasons, culture and population are also important factors affecting rice cultivation. From the late Yangshao period, the Qujialing culture showed a definite northward trend, the western Henan area and the Luoyang Basin was greatly influenced by the Qujialing culture from the Middle Yangtze Region (Dai, 1998; Meng, 2011). A few relics of Miaodigou II culture were found in the Suyang site, and many relics have Qujialing cultural characteristics. With the solid northward movement of Qujialing culture, the middle reaches of the Luo River were included in the late Yangshao period (Ren, 2021). The spread of the Qujialing culture into this area, the Suyang site would have impacted greatly on rice farming that focused Yangtze pattern.
The increase in population might have resulted from the rice agriculture in the Suyang site. According to the excavation results, there more relics of the Longshan period were recovered in the Xiacun areacomparing with the former period (Ren, 2021), which suggests the residential area of the settlement expanded to the Xiacun areas during the Longshan period. The possible reason behind this scenario could be the population growth. Rice is a higher-yielding crop with good taste than millet, and the large-scale cultivation of rice can feed more of the population. However, Rice is also a labor-intensive crop. From our data, the population growth could also mean an increased workforce used in water management and relative production activities in rice cultivation.
Crop Processing and Social Organization
Crop processing refers to the process that takes place after harvest and before consumption, which generally contains several stages such as threshing, winnowing, dehusking, and sieving (Reddy, 1997). Because the processing steps require particular assemblages, they can be identified by examining the composition of each sample. According to previous research, all processing steps belonged to either earlier stages featuring threshing reflected by many leaf/stem parts, small and light weed seeds, and immature grains in the byproducts; or to later stages featuring dehusking associated with clean grains and husks in the byproducts (Fuller and Steven, 2009; Fuller et al., 2014). Phytoliths can provide information about the crop processing style, provided that crops such as rice and millet produce different phytoliths in different parts of their body (Harvey and Fuller, 2005). For example, the ratios of the stem, husk, and weed can be used to infer the site, stages, and scale of crop processing, which can further reveal the division and organization of social labor and economy (Stevens, 2003; Fuller and Steven, 2009; Fuller et al., 2014; Weisskopf, 2014).
The phytoliths produced by the stem/leaf of millet and rice are ubiquitous at the Suyang site, indicating that the crops were harvested by reaping at the sheaf. Three samples (H1, H3, H6) of the Yangshao period only had phytoliths of husk and several mature grains, while the other samples have much the same phytoliths, which demonstrates that dehusking was a routine activity at the Suyang site. The samples of this period did not have any assemblage characteristic of the earlier stages of the crop processing, which is possible because the threshing field was not in the sampling area.
For the Longshan period samples, the amount and ubiquity of phytoliths produced by the stem/leaf of millet and rice were higher than the former, indicating continuity in the harvesting style. Some samples from the Suyang (H18, H26, H27) and Xiacun (H17, H18, G1(14)) areas have a large number of husk phytoliths, especially sample H18①-6 with a density of 830,000 particles per gram. These samples indicate that dehusking was still a routine activity at the Suyang site during the Longshan period. Meanwhile, other samples from the Suyang area (H7, H14, H41) and Xiacun area (H11②, H12②, H15) provided evidence based on stem/leaf phytoliths for threshing activity, suggesting that the whole processing activities were carried out inside the settlement in the Longshan period.
The absence of evidence suggestive of threshing activities on-site during the Yangshao period may also indicate that in earlier periods, these activities were communal and were undertaken in large open areas outside the settlement perimeter. If this is true, a change in the crop processing pattern in later periods when threshing and dehusking are observed inside the village may point to the development of nuclear families. Researchers have shown that the nuclear family as an economic unit started to show its independence and desire for wealth and status during this period, as a consequence of the development of social complexity in the area (Dai, 2013). Furthermore, evidence from the Baligang site (Weisskopf et al., 2015b), the sites in Ying River Valley (Zhao, 2007), Shu River Valley (Song et al., 2019), and the upper Hutuo River Valley (Jiang et al., 2019) all indicate the conversion of labor from the late Yangshao period to the Longshan period. It should be noted that t the number of samples analyzed in this study remains small, and this part is only a discussion based on the sampling area. When the site is re-excavated, we will supplement the sample size and discuss this again.
CONCLUSION
This research suggests that rice became a great crop opportunity produced locally. Large amounts of rice base remain in some common paddy weeds such as Echinochloa and Cyperaceae, and the ubiquity of phytoliths of stem/leaf all point toward this conclusion. While dry farming agriculture featuring foxtail millet was the primary subsistence economy at the Suyang site during its earlier periods, rice cultivation developed throughout the Longshan period and became a staple food. Population growth probably stimulated this change. Additionally, all lines of evidence indicate that rice played a much more critical role at the Suyang site than other sites in Central Plains; it may be related to many reasons such as suitable environmental and geomorphological conditions, the influence of the Qujialing culture, and population growth.
By combining the analyses of carbonized remains and phytoliths, we discussed two issues concerning the economic and social structure of Suyang. The dispersion of social production and the reduction of the social unit from communal to nuclear families seemed to have been widespread in northern China in later periods according to the crop processing patterns we analyzed. In future research, attention should be paid to the combination of carbonized plant remains, phytoliths, starch, and other micro-remains. The significance of the plant remains should be discussed from an interdisciplinary perspective. At the same time, multi-proxy investigations should provide a more informed understanding of the relationship between plant remains and human behavior, as well as ancient society.
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From 6,000 calendar years before the present (cal BP) onward, grooved pottery vessels occurred in the lower and middle reaches of the Yangtze River in succession. After a thousand years, it was introduced into central China and became popularized there around 4,000 years ago. It has been proposed that the function of the grooved vessels was to process plant foods, replacing the previously used stone slabs and rollers in terms of ethnographic investigation, but there is a lack of solid and direct evidence although little evidence of starches has been provided. Here we report our study on the sherds of grooved vessels from the Meishan site in central China (late Longshan and Erlitou period). The combined starch and phytolith analyses were first used together to examine the residues on the sherds. Starches from geophytes, millets (Setaria italica and Panicum miliaceum), wheat (Triticum aestivum), and phytoliths from the glumes and leaves of these crops plus rice (Oryza sativa), seem to suggest that the grooved pottery vessels were likely to be used to grind geophytes and dehusk grain seeds. But, incorporating the extremely low proportion of grooved vessels to entire pottery tools at the site, we hypothesize that the invention of grooved vessels may have been related to the success of rice domestication and may have been used as tools to pound by-products of crops, leaves, and husks somehow.
Keywords: starch grain analysis, phytolith analysis, food processing, agricultural society establishment, Yangtze river
INTRODUCTION
During the transition from the Paleolithic Age to the Neolithic Age, stone slabs and rollers were widely used in the world. By means of starch grain analysis, it has been demonstrated that these tools were used to process cereal grains and other edible plant foods (Liu et al., 2010a, 2010b, 2018; Piperno et al., 2004; Yang et al., 2009, 2012a). From the Neolithic Age onward, as staple crops were gradually domesticated and agricultural communities came to be established during the period of 6,000–5,000 cal BP (Zhao, 2019), the number of stone slabs and rollers decreased notably in China, and then almost disappeared by the stage of the Longshan culture around 4,000 years ago (Ding, 2007; Song, 1997; Zeng and Zhu, 2012).
Since 6,000 cal BP, a type of pottery began to appear in the lower reaches of the Yangtze River, then immediately occurred in the middle Yangtze River regions and the middle reaches of the Yellow River, and was eventually popularized during the Erlitou culture (3,800–3,500 cal BP) (Figure 1) (Wang, 2019). After that, it showed signs of abating, although it still existed (An, 1986; Ding, 2007). This particular pottery is generally named kecaopen (刻槽盆in Chinese character), meaning grooved vessels. The features of this kind of ceramic are mostly like the pot from the same period but decorated with crisscross or radial grooves on the inner wall of the pots (Figure 2). Since the grooved vessels happened to occur as agricultural societies were established and as the number of the stone slabs and rollers decreased (Jin, 2013; Zhao, 2019), the hypothesis is that the function of grooved vessels was to replace stone slabs and rollers to grind or filter plant foods, in terms of ethnographic observation (An, 1986; Chen, 2005; Ding, 2007; Liu, 1991; Ye, 1989; Ye and Li, 1996; Zhang, 2017). Therefore, direct evidence is needed to verify this hypothesis.
[image: Figure 1]FIGURE 1 | Spatiotemporal distribution of grooved pottery vessels and location of the Meishan site and other archaeological sites mentioned in the text. Shadows with black circles indicate the initial area where the grooved pottery vessels appeared during the early phase of the Songze culture, shadows with yellow circles indicate the scenario during the mid-Songze culture, and shadows with red circles indicate the scenario at around 4,000 years ago. 1, Yanshi Shangcheng; 2, Wangchenggang; 3, Xinzhai; 4, Diaolongbei; 5, Yangzhuang; 6, Lingjiatan. The base map was obtained from the Natural Earth public domain map dataset (https://www.naturalearthdata.com/downloads/10m-raster-data/).
[image: Figure 2]FIGURE 2 | Typical grooved pottery vessels and potsherds from the Meishan site. (A,B) Two types of the grooved vessels at the Meishan site, taken in the 1970s, without a scale bar (Fang, 1975). (C,D) Images for exterior (left) and interior (right) faces of three sampled potsherds in this study. (C) Potsherd with very shallow grooves. (D) Potsherd with deep grooves, ∼0.2 cm in depth. (E) Potsherd bearing cross grooves, ∼0.1 cm in depth.
As the studies on the function of stone slabs and rollers which were once suggested to be processing acorns, mineral pigments, animal skins, and so on (Xie et al., 1989; Zhao, 2005; Liu et al., 2010a), directly evidenced by the means of starch grain analysis to process cereal grains and other edible plants at least (Liu et al., 2010a, 2010b, 2018; Piperno et al., 2004; Yang et al., 2009, 2012a), starch recovered from the residues on the interior face of the grooved vessels can be tested for the aforementioned hypothesis. Previous studies on grooved vessel sherds from the Diaolongbei site and the Lingjiatan site in the middle and lower Yangtze River regions, respectively, were reported (Tao et al., 2009; Sun et al., 2019). Some unidentifiable starch grains were recovered from the residues on three 5000-year-old potsherds from the Diaolongbei site, and incorporating the evidence of the bright red color of stained starches with Congo red, it is deduced that grooved vessels at the Diaolongbei site were used for steaming or boiling some starchy foods, but the specific sources of the starches are not clear (Tao et al., 2009). Starches from the Lingjiatan site further revealed that wild resources, such as acorns and geophytes, were processed by using grooved vessels at 5,000 cal BP or so (Sun et al., 2019). A recent publication reported a similar study on 17 potsherds of grooved vessels from an early Bronze Age site, Yanshi Shangcheng, in central China, and raised a hypothesis that grooved vessels were perhaps used to dehusk seeds and make flour from dried roots and acorns, based on the morphological features of ancient starch grains from the residues on these potsherds (Reinhart, 2020).
Starches are usually contained in caryopses, geophytes, and palm piths, while phytoliths are usually produced in leaves and glumes. In fact, all human behaviors of dehusking, grinding, or cooking could cause starch residues to stick to the surface of the ware. Although the survival chances of phytoliths are much less than those of starches on the surface of the wares because of their non-sticky property, phytoliths from the glumes fortunately recovered from the residues would be a definite indicator for dehusking seeds.
Here we report our study on the residues adhering to the interior faces of grooved pottery vessels excavated from the Neolithic-Bronze Meishan site in central China using the analyses of both starch and phytoliths, to provide direct evidence for the function of this type of vessels.
MATERIALS AND METHODS
Meishan
The Meishan site (112.85°E, 34.15°N) is located in Ruzhou City of Henan Province in central China (Figure 1). It was found in 1958 and excavated during several seasons in 1970, 1975, 1987–1988, 1995, and 1997. Dwells, buries, pottery kilns, wells, pits, and other ruins were revealed, and stone tools of an axe, sickle, chisel, and knife, bone tools of arrowhead, awl, and hairpin, and pottery vessels of pots, steamer, plate, spinning wheels etc., were discovered, recording the evolution track of societies from the Longshan culture to the Erlitou culture in central China (Henan No. 2 team, Institute of Archaeology, Academy of Social Sciences, 1982; Yuan, 1991). Four AMS 14C dating data obtained from bones put the occupation during the period of 4,000–3,500 cal BP (You et al., 2017).
Pottery Sherds of Grooved Vessels for Study
There are two types of grooved vessels excavated from the Meishan site. One is gray sand-tempered pottery with an inverted rim, whose upper part is trumpet-shaped and the lower part is cylindrical-shaped, with radiating grooves on the interior face (Figure 2A). The other type is gray clay pottery in the shape of a basin with an inverted rim and arc wall, of which the interior face is incised with oblique grooves and the exterior face is decorated with chopped basket patterns (Figure 2B). The sherds from the grooved vessels take up 3.3% of excavated potsherd assemblage at the Meishan site.
A total of 20 sherds of grooved potteries from the Meishan site are selected for this study (Figures 2C–E), that is, 14 sherds from the late Longshan period (∼4,000 cal BP) and six from the early Erlitou period (∼3,800 cal BP), which were excavated during the excavation seasons of 1995 and 1997 conducted by the Henan Provincial Institute of Archaeology. Half of the sherds are from gray sandy pottery, and the other half are from gray clay pottery. Of them, only one sherd, No. T19②b: 17, of the early Erlitou period, can be discerned from a vessel with a spout. Ancient starches from residues on both interior and exterior faces of the sherds were recovered, and then ancient phytoliths were recovered after starch extraction from six residue samples of the late Longshan and two residue samples from the early Erlitou (Supplementary Tables S1, S2).
Analyses of Starch and Phytolith
When we discuss the functions of a specific type of artifact, sources of residues on the surfaces are crucial. Usually, phytoliths and starches recovered from the residues on artifacts will be compared with those from sediments to confirm whether the artifacts were the primary source of these micro plant remains or not (Hart, 2011). However, the potsherds in our study were excavated more than 20 years ago, and contemporaneous sediments which are often used as contamination control samples are not available. Therefore, residues from the interior face can be compared with those from the exterior face of each potsherd based on an assumption that in the same taphonomic conditions, the contamination chances of both faces of the sherds are equal (Barton et al., 1998). If the quantity of micro plant remains on the exterior face of a sherd is more than or equal to that on the interior face, we think the recovered plant remains are sourced from the secondary deposition from the site’s sediments after the tools were discarded, although we cannot rule out the possibility that plant residues on the exterior face are derived from the same plant-processing activity as the manipulator’s hands touched both the foods and vessels at the same time, and the vessels must have been surrounded by the foods as they were processed. As a matter of fact, previous studies have demonstrated that few starches could be retrieved from sediment and soil (Li et al., 2010; Yang et al., 2012a; Ma et al., 2017).
To dislodge adhering residues, the interior face of the potsherds was submerged in ultrapure water and shaken in an ultrasonic water bath for 5–10 min, then the starches were isolated with heavy liquid flotation using a solution of CsCl at a density of 1.8 g/cm3. The recovered residues were mounted in 10% glycerine and 90% water on a slide and examined with both white and cross-polarized light at a magnification of × 400. Starch grains were counted, analyzed for morphological features, and then recorded and compared with those from the modern reference collection. For a detailed protocol, refer to previous publications (Yang et al., 2009; 2012a, 2015). To identify the recovered starches, we compiled a modern reference collection of more than 260 species from 20 families of plants that are common in China, including crops and their wild related species, roots and tubers, tree seeds, and peas and beans (Supplementary Figure S1) (Wang et al., 2013; Wang et al., 2018; Yang and Perry, 2013; Yang et al., 2012b, 2013). Other published collections are consulted as well (Reichert, 1913; Piperno et al., 2000, 2004; Liu et al., 2010a, 2013, 2014).
Recovery of residues for the phytolith analysis followed that of sampling for starches. A heavy liquid of zinc bromide (ZnBr2) at a density of 2.35 g/cm3 was used to isolate phytoliths which were then mounted on a slide with Canada Balsam. Phytolith identification and counting were performed at × 400 magnification. Descriptions and nomenclature of the phytoliths followed the International Code for Phytolith Nomenclature (ICPN) 2.0 (Neumann et al., 2019). To identify phytoliths in the archaeological samples, published modern reference collections were consulted (Rosen, 1992; Wang and Lu, 1993; Piperno, 2006; Lu et al., 2009; Zhang et al., 2011; Gu et al., 2013; Ball et al., 2016; Ge et al., 2018).
RESULTS
Ancient Starches Recovered From the Residues
In total, 380 starch grains were recovered from all samples that can be classified into four groups (Figures 3, 4 and Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Starch grains (A−E) and phytoliths (F−L) recovered from the residues on the grooved vessels from the Meishan Site. Each starch grain is shown in brightfield and polarized views. (A,B) Foxtail millet or broomcorn millets; (C) Triticeae; (D) geophytes; (E) possibly Chinese yam; (F) rice bulliform phytoliths from rice leaves with increased scale numbers; (G) double-peaked phytolith from rice husk; (H) Ω-type phytolith from foxtail millet husk; (I) η-type phytolith from broomcorn millet husk; (J) dendritic epidermal phytolith possibly from wheat or barley glumes; (K) bilobate-scooped phytolith from Oryzoideae; and (L) bilobate-scooped phytolith from Paniceae. Scale bar, 20 μm.
[image: Figure 4]FIGURE 4 | Number of starch grains recovered from the residues on the grooved pottery vessels at the Meishan site. Black and red bars represent the samples from the interior face and exterior face, respectively. The results from possible contaminated potsherds have been excluded.
Group A includes 238 starch grains in total, dominating the recovered starch assemblage. The grains are characterized by a polyhedral shape with central and open hila, and by Y-shaped or stellated fissures on occasion (Figures 3A,B). Sometimes, short lines radiating from the center to the edges on the surfaces of grains can be observed. The size of starch grains ranges from 7.2– 26.0 μm. Both the sizes and the morphological features of this group of starches are consistent with those of foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) (Supplementary Figures 1A,B) (Ge et al., 2010; Yang et al., 2012b). Some granules larger than those from modern reference collections might be the result of grinding (Ma et al., 2019).
Group B includes 24 starch grains that are characterized by distinctive lenticular shapes and larger sizes between the range of 15.67∼33.3 μm (Figure 3C). Pressure craters on the surface are apparent. They are identical to starch grains from the modern tribe Triticeae in which wheat (Triticum aestivum) and barley (Hordeum vulgare) are included (Supplementary Figures 1C,D) (Yang and Perry, 2013).
Group C includes 26 starch grains that have the shape of a partial sphere, hemisphere, or sphere, with facets (Figures 3D,E). The hilum is eccentric. Starch grains in this group are similar to geophytes (Supplementary Figures 1E,F), in which Chinese yams (Dioscorea spp.) could be identified at least.
Group D comprises unidentifiable starch grains because of their lack of typical morphological features or severe damage.
Ancient Phytoliths Recovered From the Residues
More than 7,000 phytoliths were recovered from the potsherds after the recovery of starches (Supplementary Table S2). A total of 265 typical bulliform phytoliths from rice leaves (Figure 3F), 253 double-peaked phytoliths from the glume of rice grains (Figure 3G), 89 Ω-type and 136 η-type phytoliths from glumes of foxtail and broomcorn millets (Figures 3H,I), and 34 phytoliths with wave patterns in conjunctions from glumes of wheat or barley are observed (Figure 3J), in addition to bilobate-scooped phytoliths usually extracted from the leaves of Paniceae and Oryzoideae (Figures 3K,L) (Piperno, 2006; Lu et al., 2009, 2017; Ball et al, 2016). The percentage of each type of phytolith is shown in Figure 5. It should be noted that the phytoliths from leaves, such as bulliform, bilobate, saddle, blocky, and rondel phytoliths, can reach up to half of the phytolith assemblage.
[image: Figure 5]FIGURE 5 | Percentage of each type of phytolith recovered from the residues on the grooved pottery vessels at the Meishan site. The samples above the dashed line are from the late Longshan period, while the samples below the dashed line are from the Erlitou period.
DISCUSSION
Plant Subsistence at the Meishan Site
From other contemporaneous sites of the Longshan culture in central China, such as the sites of Yangzhuang, Wangchenggang, Xinzhai, etc., charred seeds of five grains which were staple crops in historical North China (Zhao, 2011), foxtail and broomcorn millets, rice, wheat, and soybean (Glycine max), were recovered by floatation (Jiang et al., 1998; Zhao and Fang, 2007; Zhong et al., 2016). Since barley was introduced in central China by the Shang and Zhou Dynasties (Guo and Jin, 2019), and the Meishan site should have the same plant subsistence as these contemporaneous sites, the phytoliths with wave patterns in the conjunctions and the starches identified to the tribe Triticeae recovered from the Meishan site should be from wheat. Therefore, multiple lines of evidence of both phytoliths and starches from the residues on the grooved vessels from the Meishan site comprise four grains except soybean which does not produce both phytoliths and characteristic starch grains. However, starches of geophytes from the Meishan site supplement archaeobotanical data from other contemporaneous sites of the late Longshan culture in central China.
Function of the Grooved Pottery Vessels
Phytoliths recovered from eight sherds show that the number of phytoliths on the interior face of each sherd is much higher than that on the exterior face, indicating phytoliths sourced from the use of vessels. But starch data are not ideal. The number of recovered starches is so small that there are 380 from 20 sherds in total for statistical analysis. Excluding the sherds of which both faces yield equal or approximately equal numbers of starches or those that their exterior faces yield more starches than the interior faces, in other words, excluding those sherds that might have a secondary deposition from contemporaneous sediments, only three sherds, T16⑤: 22, T10③: 8-3, and T35③B: 17 of the Longshan culture, and three sherds, T10②: 11, T16②: 8, and T10③: 8-1 of the Erlitou culture remain useful for the discussion about the function of grooved vessels (Figure 4).
Both the phytoliths and starches from the residues confirm that grooved vessels were indeed used to process plants, as shown by previous studies at the sites of Lingjiatan and Yanshi Shangcheng (Sun et al., 2019; Reinhart, 2020). Wang (2019) summarized the studies on the grooved vessels in China and tends to agree that the principal function of the vessels was grinding geophytes. In our study, starch grains from Chinese yams and other geophytes were observed from residues on the interior faces of four sherds, providing evidence for the function of grinding geophytes again.
We recovered 7,595 phytoliths and 380 starch grains from the residues on 20 potsherds (Supplementary Tables S1, S2). The pattern of abundant phytoliths with a few starches from glumes and/or caryopsis of rice, foxtail millet, broomcorn millet, and wheat in this study seem to suggest that the grooved vessels were once used to dehusk seeds. But, two factors should be taken into consideration. One is the large number of phytoliths from leaves, taking up 54% of the phytolith population (Figure 5); the other is the small number of sherds from grooved vessels, taking up 3.3% of the pottery ware at the Meishan site. If the grooved vessels were used as principal tools to dehusk seeds, it could be difficult to cope with the work in an agricultural community using 3.3% pottery tools. The phytoliths from leaves may have been occasionally brought in when harvesting ears, so we cannot exclude the function of dehusking seeds. However, we prefer to hypothesize that they are the result of intentionally pounding leaves and husks for some reason. A few starch grains recovered from the potsherds might source the husks on which some starches had been left as dehusking. Rice leaves were once proved to be tempered in the ceramic mold for casting bronze ware during history (Lu et al., 1996). The reason for processing leaves and husks by the grooved vessels at the Meishan site needs further study.
We also noted that the function of grooved vessels is not related to the materials used for pottery manufacturing, because either sand-tempered sherds or clay sherds have the same starch and phytolith patterns in their residues. Since only one sherd is apparently from the vessel with a spout, we cannot distinguish the difference of functions between vessels with or without a spout, though we think the spout is a crucial factor in understanding the function.
Pottery Function and Agricultural Development
The function of early potteries from China, Japan, and Russia in East Asia has been proved to be used for cooking food by the residue analysis (Craig et al., 2013; Shoda et al., 2020; Yang et al., 2012a, 2014, 2015). Furthermore, millet starches recovered from charred residues on early potteries excavated from the sites of Nanzhuangtou, Donghulin, and Zhuannian indicated that the function of cooking plant food and that the invention of pottery manufacturing in the North China Plain may have been related to early farming activities around 10,000 years ago (Yang et al., 2012a, 2014, 2015). By the mid-Neolithic Age, the functions of pottery began to diversify with the establishment of the agricultural societies, and a variety of cooking utensils and containers were often discovered (Wang, 2005).
It is accepted that the middle and lower reaches of the Yangtze River are two centers of rice domestication. Rice was fully domesticated by around 8,000 cal BP in the middle regions after more than 2000 years of cultivation (Deng et al., 2015); however, in the lower regions, the process of rice domestication lasted for even 4,000 years and ended by around 6,000–5,500 cal BP (Fuller et al., 2009; Fuller, 2011; Gao, 2012; Ma et al., 2016, 2018). During the Yangshao Period, rice agriculture spread to central China, joining the millet agriculture (Qin, 2012; Zhang et al., 2012). It seems that the grooved vessel is highly relevant to rice agriculture. The earliest grooved pottery vessels were invented at the archaeological sites of the early stage of the Songze culture (6,000–5,300 cal BP) in the lower reaches of the Yangtze River (Wang, 2019), which happened to be consistent with the end of the process of rice domestication (Ma et al., 2018), and the technics first spread among the rice agricultural societies in the Middle Yangtze River regions during the mid-Songze culture, then was gradually introduced in central China by around 5,300 years ago where rice had been introduced, and local crops, two millets and wheat, were added to be processed as well.
Incorporating the rice phytoliths in a large number on the interior face of grooved vessels at the Meishan site (Figure 5 and Supplementary Table S2), we hypothesize that the grooved pottery vessel might be invented to process by-products of rice for some reason, and to dehusk seeds and grind geophytes, probably. The hypothesis needs systematic residue analysis on the grooved pottery vessels from the lower Yangtze River regions to central China, from the earliest ones to the latest ones, in future studies.
CONCLUSION
Different from the previous studies based on the ethnographic investigation or single ancient starch evidence, we combine phytolith evidence in the study methods to conclude the function of the grooved pottery vessels, taking an example of the study on sherds excavated from the Meishan site, in central China. We studied the residues on the potsherds of grooved vessels at the Meishan site occupied during the period of 4,000–3,500 cal BP. In terms of starches from geophytes including Chinese yam and starches/phytoliths from glumes and leaves of rice, foxtail and broomcorn millets, and wheat, we demonstrate that the grooved pottery vessels were once principally used to pound leaves and husks for some reason, and to grind geophytes and dehusk crop seeds, possibly. In terms of the timing of rice domestication, we raised a hypothesis that the invention of grooved pottery vessels may have been related to the end of rice domestication in the lower reaches of the Yangtze River. This hypothesis needs further study.
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Dental calculus has proven to contain a wealth of information on the dietary habits of past populations. These insights have, to a large extent, been obtained by the extraction and identification of starch granules contained within the mineralised dental plaque from a wide range of regions and time periods. The scope of previous studies have been limited to microfossil extraction and identification to reconstruct dietary preferences from the archaeological record, and few studies have attempted to address the biases of starch retention in dental calculus. Those that have considered this problem have been limited to in vivo studies on modern humans and non-human primates. Here, we present a multispecies oral biofilm model, which allows experimental research on starch incorporation and retention to be conducted on in vitro dental calculus in a controlled laboratory setting. The biofilms were exposed to treatment solutions with known quantities of dietary starches (wheat and potato) during the 25 days growth period. After this, the starch granules were extracted from the mature biofilm (by dissolution in EDTA), and counted. We show that the granule counts extracted from the model dental calculus represented a low proportion (ranging from 0.06% to 0.16%) of the total number of granules exposed to the biofilms throughout the experiment. Additionally, we found that the ratios of granule sizes from the extracted starch granules differed from the original treatment solutions, with large granules (>20 μm) consistently being under-represented. We also found a positive correlation between the absolute granule counts and dry-weight of the biofilm (r = 0.659, 90%CI[0.463, 0.794]), meaning the absolute quantity of starch granules will increase as the size of the calculus deposit increases. A similar, but weaker correlation was found between the concentration (count per mg) of granules and dry-weight (r = 0.3, 90%CI[0.0618, 0.506]). Our results complement and reinforce previous in vivo studies suggesting that dental calculus presents a very small, and partly biased picture of the original dietary intake of starches, with an over-representation of plants producing granules smaller than 20 μm in size. The experimental model presented here is well-suited to address the need for further validation of methods and biases associated with dietary research on dental calculus.
Keywords: oral biofilm models, starch, alpha-Amylase, dental calculus, palaeodiet reconstruction
1 INTRODUCTION
Dental calculus has proven to contain a wealth of dietary information in the form of plant microfossils (Henry and Piperno, 2008; Hardy et al., 2009), proteins (Warinner et al., 2014a; Hendy et al., 2018), and other organic residues (Buckley et al., 2014). This dietary information can be preserved within the mineralised dental plaque over many millennia, providing a unique window into the food-related behaviours of past populations (Henry and Piperno, 2008; Tao et al., 2020; Jovanović et al., 2021) and extinct species (Hardy et al., 2012; Henry et al., 2014).
Until recently, only a few studies directly investigated the presence of plant microremains in the dental calculus of archaeological remains. The ability to extract phytoliths from the dental calculus of archaeological fauna to investigate diet was first noted by Armitage (1975), and later by Middleton and Rovner (1994), and Fox et al. (1996). Starches and phytoliths were extracted from human dental calculus by Cummings and Magennis (1997).
In more recent years, the study of dental calculus has increased exponentially, and the wealth of information contained within the mineralised matrix has largely been acknowledged. The use of dental calculus spans a wide variety of archaeological research areas, such as oral microbiome characterisation (including pathogens) through the analysis of DNA and proteins (Adler et al., 2013; Warinner et al., 2014b), microbotanical remains (Henry and Piperno, 2008; Hardy et al., 2009; Mickleburgh and Pagán-Jiménez, 2012), other organic residues and proteins from dietary compounds (Buckley et al., 2014; Hendy et al., 2018), and nicotine use (Eerkens et al., 2018). Especially the extraction of starch granules has become a rich source of dietary information, as starch granules have proven to preserve well within dental calculus over a variety of geographical and temporal ranges (Piperno and Dillehay, 2008; Henry et al., 2014; Tao et al., 2020; Jovanović et al., 2021).
Despite this, our knowledge of dental calculus and the incorporation pathways of the various markers is limited (Radini et al., 2017), as is our knowledge of information-loss caused by these pathways. Additionally, the methods we use to extract and analyse dental calculus, and make inferences on past diets represent another potential source of bias. Studies on both archaeological and modern individuals have explored these biases in more detail. Extraction methods were tested by Tromp and colleagues (2017), specifically regarding decalcification using HCl or EDTA. The authors found significantly more starches with the EDTA extraction method than the HCl extraction method; however, as noted by the authors, comparisons involving archaeological calculus are problematic due to variability between and within individuals. Studies conducted on modern humans (Leonard et al., 2015) and non-human primates (Power et al., 2015; Power et al., 2021) have explored how well microremains (phytoliths and starches) extracted from dental calculus represent the actual dietary intake. These studies are justifiably limited, despite meticulous documentation and observation, due to unknown variables and uncertainty involved in this kind of in vivo research. Dental calculus is a complex oral biofilm with a multifactorial aetiology and variable formation rates both within and between individuals (Haffajee et al., 2009; Jepsen et al., 2011), contributing to the stochasticity of starch representation being observed in numerous studies. Additionally, the concentration of oral α-amylase differs both between and within individuals (Froehlich et al., 1987; Nater et al., 2005), causing different rates of hydrolysis of the starch granules present in the oral cavity. Add to this the effects of the many different methods of starch processing (Hardy et al., 2018), as well as post-depositional processes that are still being explored (Mercader et al., 2018; García-Granero, 2020), and it becomes clear that using dental calculus to reconstruct diet is a highly unpredictable process.
In this exploratory study, we use an oral biofilm model to investigate the retention of starch granules within dental calculus in a controlled laboratory setting, allowing us full control over dietary input. Our main questions concern the representation of granules extracted from the calculus compared to the actual intake. How much of the original diet is incorporated into the calculus, and how much is recovered? Is there differential loss of information from specific dietary markers that affects the obtained dietary information, and how does this affect the representation of diet from extracted microremains?
We find that, despite the absence of α-amylase in the model, a limited proportion of the starch input is actually retained in the calculus. We also observed a shift in the size ratios of individual starch granules that are incorporated into the calculus, and that the number of incorporated starch granules increases as the size of the calculus deposit increases.
2 MATERIALS AND METHODS
2.1 Biofilm Formation
In this study we use a multispecies oral biofilm model following a modified protocol from Sissons and colleagues (1991) and Shellis (1978). In brief, a biofilm inoculated with whole saliva was grown on a substrate suspended in artificial saliva, and fed with sugar (sucrose). After several days of growth, the biofilm was exposed to starch solutions. Mineralisation of the biofilm was aided by exposure to a calcium phosphate solution. After 25 days of growth, the mineralised biofilm was collected for further analysis. The setup comprises a polypropylene 24 deepwell PCR plate (KingFisher 97003510) with a lid containing 24 pegs, which is autoclaved at 120°C, 1 bar overpressure, for 20 min. The individual pegs were the substrata on which the calculus grew. Using this system allowed for easy transfer of the growing biofilm between saliva, feeding solutions, and mineral solutions.
The artificial saliva (AS) is a modified version of the basal medium mucin (BMM) described by Sissons and colleagues (1991). It contains 2.5 g/L partially purified mucin from porcine stomach (Type III, Sigma M1778), 5 g/L trypticase peptone (Roth 2363.1), 10 g/L proteose peptone (Oxoid LP0085), 5 g/L yeast extract (BD 211921), 2.5 g/L KCl, 0.35 g/L NaCl, 1.8 mmol/L CaCl2, 5.2 mmol/L Na2HPO4 (Sissons et al., 1991), 6.4 mmol/L NaHCO3 (Shellis, 1978), 2.5 mg/L haemin. This is subsequently adjusted to pH 7 with NaOH pellets and stirring, autoclaved (15 min, 120°C, 1 bar overpressure), and supplemented with 5.8 μmol/L menadione, 5 mmol/L urea, and 1 mmol/L arginine (Sissons et al., 1991).
Fresh whole saliva (WS) for inoculation was provided by a 31-year-old male donor with no history of caries, who abstained from oral hygiene for 24 h. No food was consumed 2 hours prior to donation and no antibiotics were taken up to 6 months prior to donation. The saliva was filtered through a sterilised (with sodium hypochlorite, 10–15% active chlorine) nylon cloth to remove particulates. Substrata were inoculated with 1 ml/well of a two-fold dilution of WS in sterilised 20% (v/v) glycerine for 4 h at 36°C, to allow attachment of the salivary pellicle and plaque-forming bacteria. After initial inoculation, the substrata were transferred to a new plate containing 1 ml/well AS and incubated in a shaking incubator (Infors HT Ecotron) at 36°C, 30 rpm. The inoculation process was repeated on days 3 and 5. AS was partially refreshed once per day and fully refreshed every 3 days, throughout the experiment, by transferring the substrata to a new plate containing stock AS. To feed the bacteria, the substrata were transferred to a new plate, containing 5% (w/v) sucrose, for 6 minutes twice daily, except on inoculation days (days 0, 3, and 5), where the samples only received one sucrose treatment after inoculation.
Starch treatments were initiated on day 9 to avoid starch granule counts being affected by α-amylase hydrolysis from saliva inoculation days. An α-amylase (EC 3.2.1.1) activity assay was conducted to confirm that no amylase was present in the model before starch treatments started. Starch treatments replaced sucrose treatments, occurring twice per day for 6 minutes. The starch treatments involved transferring the substrata to a new plate containing a 0.25% (w/v) starch from potato (Roth 9441.1) solution, a 0.25% (w/v) starch from wheat (Sigma S5127) solution, and a 0.5% (w/v) mixture of equal concentrations (w/v) wheat and potato. All starch treatments were created in dH2O with 5% (w/v) sucrose. Before transferring biofilm samples to the starch treatment plate, the plates were agitated to keep the starches in suspension in the solutions. During treatments, the rpm was increased to 60 to facilitate contact between starch granules and biofilms.
After 15 days, mineralisation was encouraged with a calcium phosphate monofluorophosphate urea (CPMU) solution containing 20 mmol/L CaCl2, 12 mmol/L NaH2PO4, 5 mmol/L Na2PO3F, 500 mmol/L urea, and (0.04 g/L MgCl) (Pearce and Sissons, 1987; Sissons et al., 1991). The substrata were submerged in 1 ml/well CPMU for 6 minutes, five times daily, in a 2 h cycle. During the mineralisation period, starch treatments were reduced to once per day after the five CPMU treatments. This process was repeated for 10 days until the end of the experiment on day 24 (see Figure 1 for an overview of the protocol).
[image: Figure 1]FIGURE 1 | Overview of experiment protocol including the plate setup.
All laboratory work was conducted in sterile conditions under a laminar flow hood to prevent starch and bacterial contamination. Control samples that only received sucrose as a treatment were included to detect starch contamination from the environment or cross-contamination from other wells in the same plate.
2.2 Amylase Activity Detection
An α-amylase (EC 3.2.1.1) activity assay was conducted on artificial saliva samples collected from the plate wells on days 3, 6, 8, 9, 10, 12, and 14. Whole saliva samples were collected on days 0, 3, and 5 as positive controls. Collected samples were stored at 4°C until the assay was conducted on day 18. All samples and standard curves were run in triplicates on two separate plates. Positive control saliva samples were compared against a standard curve containing H2O, while artificial saliva samples were compared against a standard curve containing stock AS (due to the colour of artificial saliva). Two photometric readings were conducted for each plate with a 540 nm filter on a Multiskan FC Microplate Photometer (Thermo Scientific 51119000). The protocol is a modified version of an Enzymatic Assay of α-Amylase (https://www.sigmaaldrich.com/NL/en/technical-documents/protocol/protein-biology/enzyme-activity-assays/enzymatic-assay-of-a-amylase) (Bernfeld, 1955), which measures the amount of maltose released from starch by α-amylase activity. Results are reported in units (U) per mL enzyme, where 1 U releases 1 μmole of maltose in 6 min. The detailed protocol can be found here: https://www.protocols.io/view/amylase-activity-bw8jphun.
2.3 Treatment Solutions
A 1 ml aliquot of each starch solution was taken, from which 10 μL was mounted on a microscope slide with an 18 x 18 mm coverslip, and counted under a light microscope (Zeiss Axioscope A1). For wheat and mixed treatment samples, we counted three slide transects (at ca. 1/4, 1/2, and 3/4 of the slide), and the sample counts were extrapolated to the total number of granules exposed to the samples over 16 days of treatments (see Supplementary Material for more details). For potato treatment samples, the whole slide was counted.
2.4 Extraction Method
Extraction of starches from the calculus samples was performed by dissolving the calculus in 0.5 M ethylenediaminetetraacetic acid (EDTA) (Tromp et al., 2017; Modi et al., 2020; Le Moyne and Crowther, 2021), and vortexing for 3 days until the sample was completely dissolved. Twenty μl of sample was mounted onto a slide with an 18 × 18 mm coverslip. When transferring the sample to the slide, the sample was homogenised using the pipette to ensure that the counted transects were representative of the whole slide. The count from the slide was extrapolated to the whole sample (see Supplementary Material for more detail).
Both wheat and potato granules were divided into three size categories: small (<10 μm), medium (10–20 μm), and large (>20 μm).
2.5 Statistical Analysis
Statistical analysis was conducted in R version 4.2.0 (2022-04-22) (R Core Team, 2020) and the following packages: tidyverse (Wickham et al., 2019), broom (Robinson et al., 2021), here (Müller, 2020), and patchwork (Pedersen, 2020).
To see if biofilm growth was differently affected by starch treatments, a one-way ANOVA with sample weight as the dependent variable (DV) and treatment as the grouping variable (GV) was conducted. To analyse granule counts and calculate size proportions, mean counts for each treatment were taken across both experimental plates, resulting in a mean count for each granule size category within each treatment.
Pearson’s r was conducted on sample weight and total starch count, as well as sample weight and starch count per mg calculus. The total count for each sample within a treatment was standardised by z-score to account for the differences in magnitude between the potato and wheat counts. This was applied to total biofilm weight and starch count per mg calculus (also z-score standardised) to account for differences in starch concentration in the calculus (as per Wesolowski et al., 2010).
3 RESULTS
All samples yielded sufficient biofilm growth and starch incorporation to be included in the analysis (Figure 2), resulting in a total of 48 biofilm samples (two plates of 24), 45 of which were used for analysis (three samples were set aside for later analysis). Most control samples contained no starch granules, while some contained negligible quantities (see Supplementary Material).
[image: Figure 2]FIGURE 2 | Microscope images of biofilm samples that were exposed to the starch solutions. Starch granules can be seen within bacterial communities and isolated. Scale bar = 20 μm.
3.1 No Amylase Activity Detected in the Model
No α-amylase activity was detected in any of the artificial saliva samples from any of the days that were sampled. Only positive controls (saliva) contained amylase activity that could be detected in the assay, ranging from 9.93 to 30.2 U/mL enzyme (full results can be found in the Supplementary Material). The results are not comparable to other studies presenting α-amylase activity levels in humans, as the unit definition may differ; however, they are sufficient to show that there is no activity in the model.
3.2 Treatment Type had Minimal Effect on Biofilm Growth
A one-way ANOVA suggests that the type of starch used during the biofilm growth period had a minimal effect on the growth of the biofilm (expressed as total dry weight of the sample), F(3, 43) = 1.16, p = 0.335. A summary of sample weights is available in Table 1.
TABLE 1 | Summary statistics for biofilm dry-weights (in mg) by treatment.
[image: Table 1]3.3 Starch Counts
It was not possible to differentiate between potato and wheat starches smaller than ca. 10 μm. These were counted as wheat, as we assumed that the majority of the small granules were wheat. We make this assumption based on the counts of small starches in the wheat-only and potato-only solutions. Of the combined amount of small starches in these two solutions, 99.2% are from wheat.
The separate wheat and potato solutions were made with a 0.25% (w/v) starch concentration, while the mixed-starch solution was made with 0.25% (w/v) of each starch, with a total concentration of 0.50% (w/v). The mixed treatment had the highest absolute count of starch granules in solution (mean = 2.9 × 107), while the biofilms exposed to the wheat solution preserved the greatest number of granules (mean = 2.77 × 104). The potato treatment had the lowest absolute counts in both the solution (3.02 × 106) and in the biofilm samples (4,850) (Tables 2, 3).
TABLE 2 | Mean starch counts from solutions, including the proportional makeup of the different sizes of granules.
[image: Table 2]TABLE 3 | Mean starch counts extracted from samples with standard deviation (SD), including the proportion of granule sizes of the total count.
[image: Table 3]3.3.1 Proportion of Available Starches Incorporated in Samples
The proportion of total starches from the solutions that were incorporated into the samples ranged from 0.06% to 0.16%, with potato granules being more readily incorporated than wheat in both the separated- and mixed-treatment samples (Table 4). There is an inverse relationship between the absolute starch count in the solutions and the proportional incorporation of starches in the biofilm samples, i.e., potato had the lowest absolute count in solutions, but the highest proportional incorporation, and vice versa for the mixed treatment.
TABLE 4 | The mean percentage of starches from the solutions that were incorporated into the samples.
[image: Table 4]Wheat incorporation was most affected in the mixed-treatment samples, with only 0.06% of the total available starches being incorporated into the sample, compared to 0.16% in the separated wheat treatment.
3.3.2 Size Ratios Differ Between Solutions and Samples
Overall, medium starch granules had a higher mean rate of incorporation (0.171%) than small (0.120%) and large (0.066%) starch granules across all treatments, while large potato starches had the lowest rate of incorporation across all treatments.
The difference in incorporation between the size categories resulted in a change in size ratios between the original starch solutions and the extracted samples. Large potato granules (>20 μm) were most affected, with a 32.3% decrease in relative abundance in the potato-only treatment, and a 26.5% decrease in mixed treatments. Medium granules increased in relative abundance across all samples, while small granules decreased in wheat treatments and increased in potato treatments (Figure 3).
[image: Figure 3]FIGURE 3 | Proportion of sizes of starch granules from solutions (outer ring) and treatment samples (inner ring) in separated wheat (A) and potato (B) treatments, and mixed wheat (C) and potato (D) treatments.
3.3.3 Biofilm Weight Correlated Positively With Extracted Starch Counts
Pearson’s r suggests a strong positive correlation between the total weight of the biofilms and the total starch count (standardised by z-score) extracted from the samples across treatments, r = 0.659, 90%CI[0.463, 0.794], p < 0.001 (Figure 4A).
[image: Figure 4]FIGURE 4 | Scatter plots of (A) sample weight in mg and standardised starch count by z-score for separated treatments, and (B) sample weight in mg and standardised count of starch grains per mg calculus.
The same test was applied to total biofilm weight and starch count per mg calculus (also standardised by z-score), resulting in a weak positive correlation, r = 0.3, 90%CI[0.0618, 0.506], p = 0.0403 (Figure 4B).
4 DISCUSSION
Here, we have provided a method for exploring the incorporation of dietary starches into the mineral matrix of a dental calculus biofilm model. Our results show that a very low proportion of the starches exposed to the biofilm during growth are retained in the mineral matrix, and that the size of the starch granules may affect the likelihood of incorporation. The proportions of starch granules (of all sizes) present in the extracted samples were similar across all treatments (0.06% to 0.16%), despite large differences in absolute granule counts between wheat (mean = 25,404,000) and potato (mean = 3,016,000) solutions.
The absolute counts, however, differed more visibly between treatments and was proportional with the total count of granules in the treatment solutions. Wheat and mixed solutions had the highest absolute mean count of starch granules, and also had the highest absolute mean count of starch granules extracted from the dental calculus (Tables 2, 3). This suggests that the starches that are more frequently consumed will be present in higher quantities in the dental calculus, at least prior to inhumation and degradation in the burial environment. Despite the low proportion of granules recovered from the model calculus (0.06% to 0.16%), the absolute counts were still substantially greater than counts recovered from archaeological remains (Wesolowski et al., 2010; Tromp and Dudgeon, 2015; Tromp et al., 2017), which could in part be due to the lack of oral amylase activity in our model. Previous research conducted on dental calculus from contemporary humans and non-human primates suggest a high level of stochasticity involved in the retention of starch granules in dental calculus, and that starch granules extracted from dental calculus are underrepresented with regard to actual starch intake, which is consistent with our findings (illustrated by high standard deviations and low proportional incorporation). Leonard and colleagues (2015) found individual calculus samples to be a poor predictor of diet in a population, as many of the consumed plants were missing from some individual samples, but were present in others.
Power and colleagues (2015) presented similar findings in non-human primates, where phytoliths were more representative of individual diets than starch granules. The size bias is also consistent with the findings by Power and colleagues (2015), who found that plants producing starches 10–20 μm in size were over-represented; however, the representation of granules larger than 20 μm in their study is unclear.
We have also shown that the size of the starch granules influences the likelihood of incorporation into the calculus. Starch granules larger than 20 μm in maximum length were underrepresented in the calculus samples compared to the original starch solutions, an effect that was consistent across all three treatments. Medium granules (10–20 μm) were often over-represented (Table 4 and Figure 3). Large potato granules were most affected, potentially because of the greater size-range. They can reach up to 100 μm in maximum length, whereas wheat granules generally only reach up to 35 μm (Gismondi et al., 2019; Haslam, 2004; Seidemann, 1966, 174–176). Granule morphology may also play a role. Large wheat granules are lenticular and have a larger surface area compared to volume, whereas large potato granules are ovoid and have a larger volume compared to surface area (van de Velde et al., 2002; Jane et al., 1994; Reichert, 1913, 364–365; Seidemann, 1966, 174–176). Another potentially important factor from our results is the size of the calculus deposit. We found a strong positive correlation between size of biofilm deposit and retained starch granules (Figure 4A), meaning larger calculus deposits contain a higher quantity of granules; a result that contradicts findings from archaeological contexts (Wesolowski et al., 2010; Dudgeon and Tromp, 2014). When the concentration of starch granules per mg calculus is considered, the correlation is weaker, but still present (Figure 4B). While the larger deposits contain a higher absolute count, our findings also suggest that they contain a slightly higher concentration of starches. This may also explain the lower mean retention of starch granules in mixed treatments compared to wheat treatments. Wheat treatment samples (mean = 5.53 mg) were on average larger than mixed treatment samples (mean = 4.28 mg) (Table 1); and while mixed treatment solutions contained the highest mean overall granule counts, wheat treatment samples had the highest mean starch retention. Further research is needed to determine why this differs from previous archaeological findings.
The mechanism by which starch granules are incorporated into plaque and calculus remains largely unknown, and few studies have directly investigated potential mechanisms. We know that a proportion of the starch granules entering the mouth can become trapped in the plaque/calculus, and can be recovered from archaeological samples of considerable age (Buckley et al., 2014; Henry et al., 2014; Wu et al., 2021). Studies have also shown that not all starch granules come from a dietary source. Other pathways include cross-contamination from plant interactions in soil, such as palm phytoliths adhering to the skin of sweet potatoes (Tromp and Dudgeon, 2015), or accidental ingestion not related to food consumption (Radini et al., 2017; Radini et al., 2019).
When starch granules enter the mouth, whether through ingestion of food or accidental intake, they immediately encounter multiple obstacles. It is likely that the bulk of starch granules are swallowed along with the food, and are only briefly present in the oral cavity. Other granules that are broken off during mastication may be retained in the dentition through attachment to tooth surfaces (including plaque and dental calculus) and mucous membranes (Dodds and Edgar, 1988; Kashket et al., 1991). Bacteria also have the ability to adhere to starch granules (Topping et al., 2003), which would allow starches to attach to bacterial communities within the biofilm. These granules are then susceptible to mechanical removal by the tongue, salivary clearance, and hydrolysis by α-amylase (Kashket et al., 1996). The susceptibility of granules to hydrolysis depends on the crystallinity and size of the starch granule, as well as the mode of processing. Smaller and pre-processed (e.g., cooked) starch granules are more susceptible to enzymatic degradation, while dehydrated starches will have a reduced susceptibility (Björck et al., 1984; Franco et al., 1992; Lingstrom et al., 1994; Haslam, 2004; Henry et al., 2009). Cracks on the surface of the dental calculus, as well as unmineralised islands and channels may also be able to contain starch granules (Tan B. et al., 2004; Charlier et al., 2010; Power et al., 2014). Starch granules that are trapped in these pockets are (at least to some extent) protected from aforementioned clearance mechanisms, especially once a new layer of plaque has covered the surface of the plaque/calculus. The size bias against large granules (>20 μm) from both wheat and potato (Table 4) may give further credence to this incorporation pathway, as the smaller starch granules have an advantage over larger granules, and can be stored in larger quantities. This was also suggested by Power and colleagues (2014), who observed clusters of starches within dental calculus, rather than an even distribution across the surface of the dental calculus. Granules trapped in plaque/calculus may still be susceptible to hydrolysis, as α-amylase has the ability to bind to both tooth enamel and bacteria within a biofilm and retain a portion of its hydrolytic activity (Scannapieco et al., 1993; Nikitkova et al., 2013; Tan B. T. K. et al., 2004, Tan et al., 2004 B.). After the death of an individual, starches within dental calculus are susceptible to further degradation by post-depositional processes, depending on burial environment (pH, temperature, moisture content, microorganisms) (Franco et al., 1992; Haslam, 2004; Henry et al., 2009; García-Granero, 2020). Future study should explore how burial affects the recovery of starch from the biofilm model.
The absence of α-amylase in the model is a limitation of this study, as the total granule counts were not subject to hydrolysis. This would likely have reduced and affected the size ratios, as smaller starches may be more susceptible to hydrolysis (Franco et al., 1992; Haslam, 2004). The absence may also affect biofilm growth due to the lack of amylase-bacterium interactions (Nikitkova et al., 2013). Conversely, the model may benefit from the absence of α-amylase, because it can allow us to directly explore its effect on starch counts in future experiments, where α-amylase can be added to the model in concentrations similar to those found in the oral cavity (Scannapieco et al., 1993). We are able to show how absolute counts in the treatments cause a difference in incorporation. However, this was merely a side-effect of the difference in the number of granules in potato and wheat solutions of the same concentration (w/v). Further research should test multiple differing concentrations of the same starch type. The use of EDTA may also have affected counts. While previous studies have shown negligible morphological changes caused by exposure to EDTA (Tromp et al., 2017; Modi et al., 2020; Le Moyne and Crowther, 2021), these studies have not considered changes to separate size categories within starch types, and whether shifts in size ratios occur due to exposure to the pre-treatment chemicals. The total number of granules on a slide often exceeded a number that was feasible to count in a reasonable time period, so we calculated the total counts by extrapolating from three slide transects. Thus, we reasonably assume that the three transects are a good representation of the entire slide, and that the distribution of all granules on the slide is relatively homogeneous.
Finally, we only used native starches in the experimental procedure and the results will likely differ for processed starches (García-Granero, 2020). Based on the comparatively low counts obtained by Leonard and colleagues (2015, Supplement 2), processing and amylase may have a substantial effect on starch granule retention in the oral cavity.
While we are unable to sufficiently address the mechanism(s) of starch incorporation with the data obtained in this study, the dental calculus model presented here is uniquely suited to explore these questions and may improve interpretations of dietary practices in past populations. Further analyses using this model can address the call for more baseline testing of biases associated with dietary research conducted on dental calculus (Le Moyne and Crowther, 2021). Our high-throughput experimental setup allows us a higher degree of control over the factors that influence starch incorporation and retention, such as dietary intake, differential survivability of starches, and inter- and intra-individual variation in plaque accumulation and mineralisation. The latter is especially difficult to control in vivo as it is influenced by numerous factors including genetics, diet, salivary flow, and tooth position and morphology (Haffajee et al., 2009; Jepsen et al., 2011; Simón-Soro et al., 2013; Proctor et al., 2018; Fagernäs et al., 2021), as well as evolutionary differences (Fellows Yates et al., 2021). The set of limitations for our model differ from in vivo methods and, as such, we expect our model to complement the results and interpretations of existing and new in vivo studies. It can also facilitate training of students and researchers on methods of dental calculus analysis, such as starch and phytolith extraction and identification, where it can replace the use of finite archaeological resources.
5 CONCLUSION
This preliminary study shows that a very small proportion of the input starch granules are retained in a dental calculus model. This and previous studies have shown that calculus has a low capacity for retention of starch granules, an effect that is compounded by diagenetic effects in archaeological remains, resulting in low overall counts of extracted granules. The proportion of starches consumed will in many cases be reflected in the quantity of starches extracted from the dental calculus—i.e., the more starch granules entering the oral cavity, the more will be recovered from extraction—at least in modern calculus samples unaffected by diagenesis and hydrolysis. Whether or not this also applies to archaeological samples remains to be tested. Additionally, we have shown that the size of granules will influence the likelihood of incorporation, as large (>20 μm) starches have a decreased incorporation rate, medium (10–20 μm) starches an increased rate, and small (<10 μm) granules remained somewhat constant. The size of calculus deposit also seems to influence the capacity of granule incorporation; as the size of the deposit increases, so does the absolute count of incorporated granules.
While we have shown multiple factors that influence the likelihood of incorporation, the process still appears to be somewhat stochastic. Further research is needed to make sense of the contributing factors, and to explore the mechanisms of intra-oral starch incorporation and retention in dental calculus. The oral biofilm model described in this study provides a method to explore the incorporation and extraction of dietary compounds from dental calculus in a controlled laboratory setting. We do not expect our model to replace in vivo methods; instead, it can provide a complementary means to address the limitations of in vivo studies, and unearth the potential biases associated with dietary research conducted on archaeological dental calculus.
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The diet of prehistoric humans in the Qijia period (4,400–3,500 BP) was significantly changed by the advent of dry agriculture and food globalization. However, it is yet to be proven whether wild plants were exploited despite the cultivation of millet, and whether wheat crops, cattle, and sheep originating from southwestern Asia were adopted into the regional human diet. This study presents stable isotope, starch grain, and phytolith analyses of 24 human teeth from the Lajia site in Qinghai, which is a representative Qijia culture settlement site. The carbon and nitrogen isotope results show that the subjects primarily ate C4 plants and had a high protein diet. Starch grain and phytolith results showed that the inhabitants consumed broomcorn millet (Panicum miliaceum), foxtail millet (Setaria italica), Triticeae, tubers and roots, along with other Pooideae and Poaceae plants. This data proves that although broomcorn and foxtail millet formed the mainstay of the Qijia diet, it also included a wide range of plants, such as the tribe Triticeae, tubers and roots, which would have been foraged rather than grown. Compared with the other three contemporaneous sites in Northern China, the proportion of millet starches was highest at the Lajia site, while the type and proportion of foraged plants were the lowest. This was probably because of the arid environment in the region, which could not have supported sufficient plant resources for foraging, which in turn might have led to enhanced millet cultivation and/or a greater reliance on hunting. No wheat or barley traces were found in human teeth in Lajia, and the high proportion of nitrogen was possibly related to the consumption of sheep because sheep bones were found in a zooarchaeological study. This study enhances our understanding of the subsistence strategies present in Qijia culture and of prehistoric food globalization, which is of pivotal significance for a deeper understanding of interactions between east and west Asia during the Neolithic and Bronze ages.
Keywords: prehistoric diet, the lajia site, dental calculus, carbon and nitrogen isotopes, starch grain, phytolith
1 INTRODUCTION
Marking a major evolutionary episode in human history, the transition from hunter/gatherer to agricultural economies spanned several millennia and occurred independently in 10 or more different world regions, including western and eastern Asia (Harris, 1972; Rindos, 1986; Lev-Yadun et al., 2000; Yang et al., 2012a). In these independent regions, a number of indigenous wild progenitor species from wheat and millet plants were domesticated in the Fertile Crescent of western Asia and northern China in east Asia, respectively, commencing approximately 10,000 BP (Lev-Yadun et al., 2000; Riehl et al., 2013; Lu et al., 2009a; Yang et al., 2012a; Wang et al., 2016). Thereafter, a new era in the use and creation of food resources by humans saw the rise of intensive activities around plant cultivation and animal husbandry. This led to a gradual decline in the proportion of hunter/gatherer economies and a reduction in the diversity of the human diet. This then significantly changed the subsistence economic pattern of ancient humans (Yan, 1982; Crawford et al., 2005; Crawford, 2006; Gignoux et al., 2011; Lu, 2017). Over time, wheat (Triticum aestivum) and barley (Hordeum vulgare), which were first domesticated in western Asia, spread to Europe and western Central Asia by 8,000 BP, reaching eastern Central Asia and northwestern China between 4,500 and 4,000 BP (Zhao, 2015; Liu et al., 2017; Liu et al., 2019). Broomcorn (Panicum miliaceum) and foxtail millet (Setaria italica), domesticated in eastern Asia, spread into eastern central Asia between 4,500 and 4,000 BP and into western Asia and Europe prior to 3,500 BP (Frachetti et al., 2010; Liu et al., 2016a; Stevens et al., 2016; Dong et al., 2017; Lu, 2017). In other words, transcontinental cultural exchange at this time was correlated; wheat and millet crops as well as sheep, cattle, bronze and gold vessels, lapis lazuli, bead decorations, and jade ware were used mainly in eastern central Asia and Northwest China between 4,500 and 3,500 BP with the development of different technologies and the emergence of modes of transport, including domesticated horses and vehicles (Kuz’mina, 2008; Anthony, 2010; Spengler and Willcox, 2013; Spengler et al., 2014). The exchange of food globalization in prehistory between 4,500 and 3,500 BP (Figure 1A) brought important changes to the structure and diversity of the human diet in eastern Central Asia and Northwest China (Frachetti et al., 2010; Jones et al., 2011; Spengler and Willcox, 2013; Spengler et al., 2014; Jones et al., 2016; Dong et al., 2017). In this case, hunter/gatherers were gradually marginalized in the system of the human food acquisition between 4,500 and 3,500 BP, due to the emergence and development of agriculture and transcontinental cultural and technological exchanges in Eurasia. However, hunter/gatherers have always been associated with different human economic systems; for example, the economy of hunter/gatherers is still an important part of the local economic system in some ethnic groups, which survives to this day (Du and Chen, 2016).
[image: Figure 1]FIGURE 1 | (A) Location of archaeological sites with C3 and C4 crops from 12,000 to 3,500 cal a BP (Modified from Dong et al., 2017), (B) Location of the Lajia site.
Qijia culture (4,400–3,500 BP) is in the ecotone of agriculture and animal husbandry between the Qinghai Tibet Plateau and Loess Plateau in northwest China (Figure 1B) and plays an important role in cultural communication between the eastern and western parts of Eurasia (Han, 2019). Previous studies have suggested that millet cultivation became well established during the Qijia cultural period (Zhang, 2013; Ma et al., 2014; Wang et al., 2015; Zhang and Ye, 2016; Wang and Zhen, 2021), however, only a few carbonized wheat traces were recorded for this time period. For example, carbonized wheat remains represent less than three percent of the whole plants, while the proportion of wheat remains in the Lajia and Changning sites is less than 0.01% (Zhang, 2013; Wang and Zhen, 2021). Although the carbonized plant remains from the cultural layers of the archaeological sites can reflect the agricultural structure of the Qijia culture, these results cannot supply direct evidence of the human diet. However, isotopic analysis of human skeletal remains provides a rough outline of the likely food sources and serves as a reflection of the human diet at that time. Values of δ13C from human bones dated to between 4,500 and 4,000 BP from northwestern China were dominated by C4 signals (Figure 1A), suggesting that the extent of mixing between western and eastern crops was very limited, but the C3 signals (Figure 1A) increased between 4,000 and 3,500 BP (Liu et al., 2014; Zhang and Ye., 2016; Dong et al., 2017). However, these results do not allow for the identification of specific plant species present in human diet during the Qijia period.
Recently, human teeth and dental calculus are being increasingly used as target sample types for the analysis of human diet (Beaumont et al., 2012; Henry et al., 2012; Chen et al., 2021). Stable carbon and nitrogen isotopic (δ13C and δ15N) analyses of bone collagen from human teeth remains is a conventional method of exploring the subsistence strategy of ancient humans (Beaumont et al., 2012). Dental calculus, a biomineral that entraps food particles, including some plant micro-remains as it forms, provides a direct record of plant consumption (Henry et al., 2012; Chen et al., 2021). Earlier research indicates that plant micro-remains, including starch grains and phytoliths, are well preserved in the calcification of dental calculus (Lieverse, 1999), and provide direct evidence of the human diet (Henry et al., 2012; Chen et al., 2021).
In the present study, human teeth and dental calculus unearthed from the Lajia site were selected and investigated using isotopic analysis, starch grain, and phytolith analyses to build a more comprehensive view of the human diet and subsistence strategy, in addition to transcontinental cultural and technological exchanges during the Qijia period. As a part of starch grain analysis, we also explored the extent to which different processing methods may have led to morphological changes in Poaceae food plants, to understand if and how the foods consumed by people in the Qijia culture were produced.
2 MATERIALS AND METHODS
2.1 Materials
The Lajia site (Figure 1B; 102°49′40″E, 35°51′15″N) covers an area of 200,000 m2 and is located on a terrace on the north bank of the Yellow River in the Guanting Basin near Xialajia Village, Minhe County, Qinghai Province. The Lajia site is a large Qijia culture settlement situated in the transition zone between the eastern foot of the Qinghai Tibet Plateau and western Loess Plateau. Three excavation seasons in 2000, 2002–2003, and 2014–2017 uncovered house foundations and tombs in addition to ceramics, stone tools, jade objects, bone artifacts, and human bones (Ye, 2002; Du et al., 2019). Radiocarbon dating of human bones collected from house foundations in F3 and F4 (Nos. 2000QMLF3Ⅰ and 2000QMLF4IV) revealed that the site was occupied around 3,565 ± 25 and 3,580 ± 25 cal a BP (Zhang et al., 2014). When corrected by IntCal 20 (Ramsey, 2009; Reimer et al., 2020), the dates were adjusted to 3,860 ± 48 cal a BP and 3,882 ± 44 cal a BP.
Location of archaeological sites with C3 crops from 10,000 to 3,500 cal a BP: 1) Nevali Cori site (10,557–10,259 BP; Lösch et al., 2006), 2) Abu Hureyra site (10,117–9,021 BP; Moors, 2016), 3) Chogha Golan site (9,800 BP; Riehl et al., 2013), 4) Jietun site (8,328–7,712 BP; Harris et al., 1993), 5) Mehrgarh site (8,000–7,000 BP; Costantini, 2008), 6) Aratashen site (6,948–6,660 BP; Hovsepyan and Willcox, 2008), 7) Aknashen site (7,035–6,350 BP; Hovsepyan and Willcox, 2008), 8) Miri Qalat site (6,000–4,000 BP; Tengberg, 1999), 9) Tasbas site Phase 1 (4,655–4,423 BP; Spengler et al., 2014), 10) Begash site Phase 1a (4,407–4,148 BP; Spengler et al., 2014), 11) Sarazm site (5,000–4,000 BP; Spengler and Willcox, 2013), 12) Huoshiliang site (3,979–3,819 BP; Sheng et al., 2020), 13) Ganggangwa site (3,974–3,710 BP; Dodson et al., 2013), 14) Xichengyi site (3,972–3,848 BP; Zhang X. L. et al., 2015), 15) Jinchankou site (3,976–3,846 BP; Chen et al., 2015), 16) Xintala site (3,921–3,580 BP; Zhao et al., 2013), 17) Gumugou cemetery (3,834–3,695 BP; Zhang G. L. et al., 2015), 18) Xiaohe cemetery (3,707–3,478 BP; Flad et al., 2010).
Location of archaeological sites with C4 crops from 12,000 to 3,500 cal a BP: 1’) Nanzhuangtou site (12,408–11,000 BP; Yang et al., 2012a), 2’) Zhuannian site (11,000–9,700 BP; Yang et al., 2014), 3’) Donghulin site (11,000–9,500 BP; Yang et al., 2012a), 4’) Cishan site (10,300–7,000 BP; Lu et al., 2009a), 5’) Baligang site (8,700–5,000 BP; Deng et al., 2015), 6’) Baiyinchanghan site (8,500–7,400 BP; Tao et al., 2011), 7’) Egou site (8,500–7,000 BP; Liu et al., 2015), 8’) Shawoli site (8,500–7,000 BP; Zhang et al., 2011), 9’) Xinglonggou Loc.1 (8,000–7,500 BP; Zhao, 2014), 10’) Yuezhuang site (8,000–7,800 BP; Wu et al., 2011), 11’) Chahai site (8,000–7,500 BP; Wu, 2015), 12’) Bangou site (8,000–7,000 BP; Liu et al., 2013), 13’) Xihe site (7,660–7,000 BP; Wu, 2014), 14’) Heibiya site (4,760–4,330 BP; Jia, 2012), 15’) Hurere site (5,290–4,620 BP; Jia, 2012), 16’) Hongtujiaozi site (4,960–4520 BP; Jia, 2012), 17’) Tasbas site Phase 1 (4,655–4,423 BP; Spengler et al., 2014), 18’) Begash site Phase 1a (4,407–4,148 BP; Spengler et al., 2014), 19’) Gongshijia site (4,210–3,670 BP; Jia, 2012), 20’) Huoshiliang site (3,979–3,819 BP; Sheng et al., 2020), 21’) Ganggangwa site (3,974–3,710 BP; Dodson et al., 2013), 22’) Xichengyi site (3,972–3,848 BP; Zhang X. L. et al., 2015), 23’) Jinchankou site (3,976–3,846 BP; Chen et al., 2015), 24’) Xintala site (3,921–3,580 BP; Zhao et al., 2013), 25’) Gumugou cemetery (3,834–3,695 BP; Zhang G. L. et al., 2015), 26’) Xiaohe cemetery (3,707–3,478 BP; Flad et al., 2010).
Twenty-four teeth belonging to seven individuals (numbered F4Ⅱ, F4Ⅲ, F4Ⅴ, F4Ⅹ, F7Ⅰ, M8, and M11) from two house foundations and two tombs at the Lajia site were selected as samples (Table 1 and Figure 2), seven human teeth from each individual were chosen for carbon stable isotope measurements, twenty-four dental calculi were analyzed using starch grain and phytolith analyses. The human teeth from the Lajia site used in this study were dated to between 3,900 and 3,800 BP (Zhang et al., 2014).
TABLE 1 | Information on human tooth samples at the Lajia site and results of carbon and nitrogen isotopic testing.
[image: Table 1][image: Figure 2]FIGURE 2 | Twenty-four human teeth from seven individuals from the house foundations and tombs of the Lajia site in Qinghai Province. (1,2) belong to the F4 II human skull; (3-5) belong to the F4 III human skull; (6-9) belong to the F4 V human skull; (10–12) belong to the F4 X human skull; (13–17) belong to the F7 I human skull; (18–21), belong to the M8 human skull; (22–24) belong to the M11 human skull. (1–24) lateral and frontal views of each tooth. Black arrows show the sampling locations. (Scale bar: 5 mm).
2.2 Methods
2.2.1 Analysis of Carbon and Nitrogen Stable Isotope
Seven of the 24 human teeth were selected for carbon and nitrogen stable isotope measurements. The δ13C and δ15N values were measured at Beta Analytic laboratories in Miami, United States, and the analytical precisions were ±0.3% and ±0.5%, respectively. The test results are listed in Table 1. The data were analyzed and processed using Origin 9.1 software.
2.2.2 Extraction Experiments of Starch Grains and Phytoliths From Dental Calculus
A dental pick was used to detach the visible calculus from all the teeth. Calculus fragments from each individual sample were collected in a piece of aluminum foil and immediately transferred into 1.5-ml centrifuge tubes. Dental calculus from each tooth was then treated using an ultrasonic cleaner according to the following steps (Lu et al., 2009a; Lu et al., 2009b; Yang et al., 2012a; Yang et al., 2012b; Chen et al., 2021):
Dental calculus was first cleaned gently with ultrapure water to remove adhesive particles. After washing, the samples were placed in a centrifuge tube and 20 ml of ultrapure water was added before the tube was placed in an ultrasonic cleaner for 10 min. A solution of 6% H2O2 was added to release starch grains that were potentially trapped within the dental calculus and let it stand for 1 h. Ultrapure water was then added, and the sample was centrifuged and cleaned at 2,500 rpm for 5 min. Excess liquid was poured off and only the residue was retained. This step was repeated three times. Then, 10% HCl was added to remove calcium impurities and the mixture was allowed to stand for 20 min. The solution was washed until a neutral pH was reached. A CsCl heavy liquid with a specific gravity of 1.8 g/cm3 was added and the solution was centrifuged. The supernatant containing the starches was decanted into a fresh tube. Ultrapure water was then used to clean the floating substances four times for the preparation of starch granule slides. The lower residual liquid after a flotation selection of starch to extract phytoliths was then added to the 2.35 g/cm3 ZnBr2 heavy liquid for another floating selection. Starch granule slides were prepared by mounting the recovered residue onto a slide in a solution of 25% glycerin and 75% ultrapure water. The slides were then sealed with neutral gum. Phytolith slides were prepared by mounting the recovered residue in a neutral resin and fixing them using a cover glass.
2.2.3 Modern Simulation Experiments
Prehistoric foods required preparation prior to human consumption, and the main methods included physical methods, such as shelling and grinding (Wright, 1994), as well as heat treatment, such as boiling (Barton and Torrence, 2015). Therefore, the starch grains and phytoliths were manually prepared and/or boiled prior to the formation of dental calculus. Earlier research has shown that morphological changes in ancient starches taken from dental calculus were evident, but had little effect on phytoliths (Wang and Lu, 1993; Wu and Wang, 2012). To accurately identify ancient starches, we performed a simulation experiment of grinding and boiling starch grains from millet and wheat crops from dry farming. The experimental procedure was as follows:
The seeds of modern foxtail and broomcorn millets, and common wheat were selected as samples. The seeds were then cleaned and dried to remove any impurities. To observe the morphological change after grinding the starches, each sample (0.5 g) was placed in a mortar and ground for 2–5 min to obtain three samples for the grinding simulation experiment. The ground samples were then added to a centrifuge tube containing 5 ml of ultrapure water and placed in a low-temperature environment for 1 h. To observe the morphological changes after boiling the starches, each sample (0.5 g) was added to a centrifuge tube with 5 ml of ultrapure water and boiled for 30 min in a water bath. A timer was started after boiling the water. Samples were taken at 5-min intervals, and 18 samples (six groups) were obtained for the cooking simulation experiment. After heating, the samples were cooled for 1 h. The starch suspension generated during the grinding and cooking simulation experiments was extracted using a disposable pipette, a few drops were then added to a glass slide before 25% glycerin was added, and the slide was then sealed with neutral gum.
After being dried at ≤40°C, the slide was examined using a Leica DM 750 microscope to observe starch grains and phytoliths at ×200 magnification, once identified they were photographed at ×400 magnification. The size and morphological characteristics of the starch grains were measured and recorded. The analysis was performed at the Environmental Archaeology Laboratory at Northwest University. The morphological identification and classification of starch grains were based on the modern starch grain database and related research results, which were accumulated in this laboratory (Yang et al., 2010; Wan et al., 2012; Yang and Perry, 2013; Ma et al., 2014). A comparison with published pictures and materials has been made for the identification and description of phytoliths (Wang and Lu, 1993; Lu and Liu, 2003; Piperno, 2006; Lu et al., 2009a; Lu et al., 2009b; ICPT, 2019; Ge et al., 2020). We counted and identified the starch grains and phytoliths found on the glass slide from each ancient tooth sample, and 200 grains from each sample from the simulation experiment were analyzed to obtain data on the morphological characteristics and length of the starch grains.
All the utensils used in the above experiments were cleaned in ultrapure water, and then subjected to high-temperature steaming-boiling and ultrasonic cleaning before use. In addition, all utensils for each sample were treated in the same way before extraction of starch grains to prevent external pollution or cross-contamination between samples. All toothpicks, pipettes, centrifuge tubes, and powder-free gloves used in this study were disposable, to prevent cross-contamination.
3 RESULTS
3.1 Results of Carbon and Nitrogen Stable Isotope Analysis
According to the results from Beta Laboratory, United States, the mole ratios of the seven human teeth from Lajia site range from 3.1 to 3.2, and the C and N content was 36.41–40.64% and 13.41–15.08% (Table 1), respectively, which is consistent with the values of modern bone collagen. The range of δ13C was −5.42–−8.17, and the average value was −6.68 ± 1.11 (n = 7); the average value of δ15N was 11.72 ± 1.54 (n = 7; Table 1 and Figure 3). Previous studies have shown that collagen with a C and N content of bone collagen falls in the range of 15.3–47.0% and 5.5–17.3%, respectively, and a C/N ratio range of 2.9%–3.6 can be considered as non-contaminated (DeNiro, 1985). Therefore, seven samples from the Lajia site were valid and could be used for stable isotope analysis (Table 1).
[image: Figure 3]FIGURE 3 | Scatter diagram for δ13C and δ15N values of the seven human tooth samples from the Lajia site.
3.2 Results of Starch Grain Analysis From Dental Calculus
A total of 611 starch grains were extracted from 24 teeth taken from seven ancient human individuals and divided into Types I–IV (Figure 4; Table 2) according to morphology and granule size.
[image: Figure 4]FIGURE 4 | Types of starch grains extracted from 24 human dental calculus at the Lajia site. (A-C′), Type Ⅰ: (A-B′), Type Ⅰ intact starch grains; (C,C′), Type Ⅰ damaged starch grains. (D-G′), Type Ⅱ: (D-F′), Type Ⅱ-A intact starch grains; (G,G′), Type Ⅱ-B damaged starch grains. (H-I′), Type Ⅲ; (J-L′), Type Ⅳ: (J,J′), Type Ⅳ-A; (K,K′), Type Ⅳ-B; (L,L′), Type Ⅳ-C. (A, A′-L, L′), Photos were taken under bright field (left) and polarized light (right). (Arrow indicates damage in starch grains. Scale bar: 10 μm).
TABLE 2 | Classification, quantity and percentage statistics of starch grains from human dental calculus at the Lajia site.
[image: Table 2]Type I: 277 granules were observed. They were polyhedral, free of layered texture with centric hila, and most had Y- and star-shaped fissures through the hila (Figures 4A–C′). This class of starch grains can be further divided into Type I-A intact starch grains (n = 226) with the long-axis particle size ranges from 8.0 to 27.0 μm and an average particle size of 14.9 ± 3.8 μm and Type I–B damaged starch grains (n = 31; Figures 4A–B′) with long-axis particle size ranging from 11.7 to 30.2 μm and an average particle size of 21.3 ± 5.2 μm. These are characterized by surface collapse, blurred extinction cross under polarized light, and cracks on some of the surfaces (Figures 4C, C′). Such starch grains were most likely from dry crops of foxtail and broomcorn millet.
Type II: 54 granules were observed. These granules have a biconvex shape and are mostly almost circular with a centric hilum. The extinction cross is seen to be X-shaped under polarized light, and after a slight knock to twist it around, the starch grains were oval shaped and possessed a longitudinal dent (Figures 4D,F′). This class of starch grains can be further divided into Type II-A (n = 25) intact starch grains with a long-axis particle size range of 12.9–37.7 μm and an average particle size of 26.3 ± 6.5 μm; and Type II-B (n = 29) damaged starch grains with a long-axis particle size range of 18.8–48.6 μm and an average particle size of 32.4 ± 8.2 μm. These starch molecules appeared transparent, and their layered texture is clear, with some having lost their extinction cross or on which the extinction cross is blurred under polarized light (Figures 4G, G′). These starch grains are likely derived from the Triticeae tribe.
Type III: A total of nine granules were extracted. They were oval, with an extremely unusual hilum, and no cracks were identified. After rotation, they were still oval, and the arms of the extinction crosses were slightly bent (Figures 4H–I′). Their long-axis particle size ranges from 19.2 to 55.6 μm, and their average particle size is 38.5 ± 11.1 μm. Type III starch grains originate from roots and tubers.
Type IV: A total of 271 granules are classified as unidentified, but can be further subdivided into three types: IV-A, IV-B, and IV-C. Type Ⅳ-A (n = 21) are mainly the independent starch grains that are damaged and unidentified, with the middle part sunken or hollow, the extinction blurred or lost, and the basic outline identifiable. Their long-axis particle size ranged from 13.6 to 49.6 μm, and their average particle size is 25.9 ± 9.8 μm (Figures 4J, J′). Type Ⅳ-B (n = 89) starch grains were in an aggregated state, with a residual edge outline and collapsed internal structure. Their long-axis particle size ranged from 13.1 to 31.0 μm and their average particle size is 21.3 ± 3.4 μm (Figures 4K, K′). Type Ⅳ-C (n = 161) starch grains, overlapped with each other, had completely lost their independent outline, with no extinction characteristics under polarized light. Their long-axis particle size ranged from 22.8 to 37.6 μm and their average particle size is 31.1 ± 3.4 μm (Figures 4L, L′).
3.3 Results of Phytolith Analysis of Dental Calculus
A total of 1,085 phytoliths were extracted from 24 ancient human teeth, of which 1,019 were identifiable and included 13 types. It was observed that INTERDIGITATING η-type phytoliths from the husks of broomcorn millet (n = 7, 0.65%; Figure 5B), INTERDIGITATING Ω-type phytoliths from the husks of foxtail millet (n = 2, 0.18%; Figure 5A), and INTERDIGITATING phytoliths from the husks of the family Poaceae (n = 5, 0.46%; Figures 5C, D). Besides, a total of 495 ACUTE BULBOSUS phytoliths were found, which accounted for the highest proportion (45.62%; Figure 5K); there were also BLOCKY phytoliths (25.44%; Figure 5M), ELONGATE ENTIRE (8.29%; Figure 5I), RONDEL phytoliths (5.90%; Figure 5E), ELONGATE DENTATE (3.50%; Figure 5J), BILOBATE phytoliths of Panicoideae (1.84%; Figure 5H), BULLIFORM FLABELLATE phytoliths (1.20%; Figure 5M), CRENATE phytoliths (0.37%; Figure 5F), ELONGATE DENDRITIC of Pooideae (0.37%; Figure 5G), and TRACHEARY phytoliths (0.09%; Figure 5N).
[image: Figure 5]FIGURE 5 | Types of phytoliths extracted from 24 human dental calculus at the Lajia site. (A)–(D), Epidermal silica layer: (A) INTERDIGITATING Ω-type (B) INTERDIGITATING η-type, (C,D) INTERDIGITATING; (E) RONDEL, (F) CRENATE, (G) ELONGATE DENDRITIC, (H) BILOBATE, (I) ELONGATE ENTIRE, (J) ELONGATE DENTATE, (K) ACUTE BULBOSUS, (L) BLOCKY, (M) BULLIFORM FLABELLATE, (N) TRACHEARY (Scale bar: 10 μm).
3.4 Results of Starch Grain Analysis in Grinding and Cooking Experiments
The results of the grinding simulation experiments for modern foxtail and broomcorn millets, and common wheat are consistent with those of our earlier study (Ma et al., 2019). The observations and statistical results suggest that: 1) grinding causes physical damage to some starch grains and results in changes in their appearance and shape, which is mainly reflected by the roughened surface and the edges becoming cracked and/or broken. 2) A positive correlation between the grinding strength and the content of damaged starch grains was observed (Figures 7V–X’). 3) Grinding causes deformation of the extinction cross of starch grains under polarized light, but the position of the hilum is generally not influenced.
The starch grain analysis results in the cooking simulation experiments of modern foxtail and common millets, and common wheat were consistent with those of earlier studies (Ge et al., 2010; Hong et al., 2013; Lu et al., 2014). It is suggested that: 1) crystal structure of starch grains becomes damaged during heating, and their central parts become sunken. Starch molecules became transparent with gradual expansion and deformation. With increased heating duration, fewer small grains were visible, and the content of large grains increased. Upon determination, the long-axis particle size of modern foxtail millet starch grains increased to 14.1, 21.3, and 31.1 μm after being heated for 5, 15, and 30 min, respectively (Figures 7D, G, J, M, P, S). This indicates that the grain size of both foxtail and broomcorn millet doubled throughout the cooking procedure (Figures 7E, H, K, N, Q, T). The starch grain size of common wheat increased to 25.44 μm and 38.91–59.36 μm after being heated for 5 and 30 min, respectively (Figures 7F, I, L, O, R, U). 2) Upon observation, the starch grains became transparent from the center of the hilum, and the extinction crosses were unclear after heating for 5 min, but remained mostly as independent scattered individual grains (Figures 7D, D’–F, F′). After 5–15 min of heating, the starch grains started to aggregate with increased transparency, and the extinction cross had completely disappeared, but the basic outline was still intact (Figures 7G, G’–L, L′). After heating for 15–30 min, the independent outline was lost, and the starch grains were almost completely transparent without extinction characteristics (Figures 7M, M’–U, U′). 3) Grinding damage and cracks were observed in a small number of starch grains (Figures 7: Y, Y’–AA, AA’).
4 DISCUSSION
4.1 Human Diet at the Lajia Site
Using carbon and nitrogen isotope analysis of bone collagen, it is possible to trace the absorption of food by humans or animals and back trace the ratios to the food types. Earlier studies have shown that the carbon isotope ratios of bone collagen shifted by approximately 6‰ between dietary protein and consumer bone collagen (Zhang et al., 2003). Generally, the average δ13C values of C3 and C4 plants are −26% and −13% (Zhang et al., 2003), respectively. The enrichment of δ13C values between trophic levels is very low (approximately 1%–1.5%), which is often negligible. Therefore, the average δ13C values of C3 and C4 types of food are preserved in bone collagen with an approximate 6% offset, namely −20% and 7%, respectively (Merwe, 1982). The δ13C values of seven samples from the Lajia site were relatively similar (Table 1). The range of δ13C was −5.42 to −8.17, and the average value is −6.68 ± 1.11% (n = 7). According to a formula that converts the results of δ13C determination into the percentage of C4 plants in the diet (Cai and Qiu, 1984; Zhang et al., 2003; Zhang et al., 2017), the proportion of C4 plants was calculated to be 91%. This suggests that the people of the Lajia site mainly consumed C4-based foods.
Unlike the carbon stable isotope value, there is a 3–5% enrichment between consumers for the nitrogen isotope value. It is possible to use nitrogen isotopes to determine the trophic levels of the main dietary sources (Bocherens et al., 1994). Under the condition of a lack of δ15N value of each trophic level in archaeological sites, the δ15N value of herbivores is usually around 3–7%, that of omnivores is often between 7 and 9%, and that of carnivores is over 9% (Ambrose and Katzenberg, 2000). Accordingly, the δ15N values of human samples can be assessed and the relative proportions of plants and animals can be analyzed. The average δ15N above 9.7% in the Lajia site falls in the δ15N range of carnivores, showing that animal food resources were dominant. Faunal remains, including fragmented bones from pigs, sheep, and deer, were also found at the Lajia site (Ye, 2015), indicating that humans probably consumed meat from these animals, with the influence of food globalization needing to be recognized too.
In addition, compared to the stable isotopes of four human bones from the Lajia site (range of δ13C value between −7.57% and −8.4%, average δ13C value of −7.90 ± 0.35%; range of δ15N value between 9.77 and 10.25%, average δ15N value of 9.99 ± 0.17%) (Zhang and Ye, 2016), the range and average δ13C and δ15N values of this study obtained from human teeth were almost the same. As mentioned above, the δ13C and δ15N values of seven human teeth in Lajia suggest that human diets mainly included C4-based food resources supplemented with large quantities of meat.
4.2 Type and Proportion of Plant-Based Diet at the Lajia Site
The δ13C and δ15N values of human teeth at the Lajia site suggest that human diets mainly included C4-based food resources, but they do not inform us of the type and proportion of plant-based diet. Fortunately, plant residues remain embedded in dental calculus, and studies on human teeth have provided valuable data for reconstructing a comprehensive view of human diets in the past (Henry and Piperno, 2008). More than 1,600 plant remains were recovered from 24 human teeth in this study, including an assemblage of 611 starch grains (Table 2), representing grains from foxtail and broomcorn millets; the tribe Triticeae, roots and tubers; and an assemblage of 1,085 phytoliths (Figures 5, 6), the majority of which were from the husks of the foxtail and broomcorn millets; and stems and leaves of Pooideae and Panicoideae. Of these plant micro-remains, ∼54% (n = 331) of the total starches showed damage and were large in size (Table 2), which is different from the characteristics of over 200 Asian species housed in modern reference collections (Yang et al., 2010; Wan et al., 2012; Yang and Perry, 2013). The combination of the damage condition of extinction characteristics and contour decoration of the ancient starches suggests that the starches extracted from human dental calculus have undergone a process of alteration.
[image: Figure 6]FIGURE 6 | Changes in percentages of phytolith types extracted from the 24 human dental calculus at the Lajia site.
Based on the morphological characteristics identified as resulting from grinding and boiling grass grains (foxtail and broomcorn millets, and wheat) (Figure 7), the grains from Lajia appear to have been processed by cooking, and there is limited evidence of grinding. First, owing to the influence of factors such as the evenness of heating and water absorption, the starch grains of the same samples showed different gelatinization during boiling. Some of the starch grains only exhibited mild gelatinization, indicating that their identification features were still present (Figures 4C, C′, G, G’), which were identified as being from foxtail and broomcorn millets, and the tribe Triticeae. Those starch grains which exhibited serious gelatinization (Figures 4K, K′, I, I′), were found upon comparison of size and shape, to be closest to those of the foxtail and broomcorn millets from the cooking simulation specimens. Additionally, in the cooking simulation experiments without grinding, a handful of starch grains exhibited signs of mechanical damage (Figures 4J, J′), which may have been caused by stirring and squeezing during cooking, from smashing grains during hulling, or from chewing.
[image: Figure 7]FIGURE 7 | Starch grain specimens for simulation experiments of cooking and grinding. Different characteristics of starch grains from three Poaceae plants, both raw and after processing. (A, A’ - AA, AA′) Photos were taken under bright field (left) and polarized light (right); Arrow indicates the damage characteristics of starch grains; Scale bar: 10 μm.
Except for the phytoliths from the husks of foxtail and broomcorn millets and those from the husks of Gramineae, the phytoliths of the stems and leaves of Poaceae (98.71% of the total) extracted from the dental calculus are quite likely to represent the limited grain processing techniques of the Qijia period. The stems, leaves, and husks of foxtail and broomcorn millet, and other food plants require separation before grinding and cooking (Wang and Yang, 2015). An earlier simulation study indicated that using mortars, pestles, slabs, and mullers as dehusking and grinding tools does not completely hull the grains; the highest dehusking rates achieved in the experiments were 99 and 97.9%, respectively, whereas the husked grains were not 100% intact (Wang et al., 2013). Stone knives in the Lajia site were mainly used to harvest millet crops, but they also cut the stems or leaves of plants such as Panicoideae and related taxa during use (Ma et al., 2014). During the process of harvesting and dehusking, husks, stems, or leaves of millet and other plants were combined by ancient humans; therefore, these phytoliths were commonly found in the dental calculus of the Lajia site.
During the data analysis of plant micro-remains extracted from 24 human teeth at the Lajia site, the analytical results of starch grains and phytoliths were relatively consistent in foxtail and broomcorn millets. In addition, starch grains and phytoliths from the Poaceae subfamily were similar. The tribe Triticeae belongs to the Pooideae of the Poaceae subfamily. Furthermore, the phytoliths included BILOBATE phytoliths from the leaves of Panicoideae, Elongate Dendritic, Crenate, and Rondel phytoliths from Pooideae leaves, and Elongate Dentate phytoliths from the family Poaceae (Ge et al., 2020). In summary, the plant resources of ancient people in the Qijia cultural period included foxtail and broomcorn millets, plants from the tribe Triticeae, roots, tubers, Pooideae, and Panicoideae.
With respect to the absolute quantities and appearance frequencies of the identified plant micro-remains extracted from the dental calculus, the starch grains were mainly millet belonging to C4 plants (n = 277; 81.4%); phytoliths from the husks of millet crops were also recovered from the dental calculus (n = 9, 0.82%). These results are consistent with those of carbon isotopes (91% C4-based food resources) in this study and plant macro-remains in previous research, suggesting that the dry farming structure during the Qijia cultural period was also dominated by foxtail and broomcorn millets. However, no wheat or barley was recovered from the dental calculus of the Lajia site, which is consistent with the phytolith results of earlier research on the cultural sediments of the Lajia site (Wang et al., 2015). However, two carbonized wheat remains (<0.01% of the total) were recovered from the 193 flotation assemblages of Lajia (Zhang, 2013), but were not dated using AMS (radiocarbon dating). On the one hand, these wheat remains have to be treated with caution because the quantities are small. On the other hand, we do not deny the existence of wheat crops in Lajia, but this needs to be confirmed by future research. Nevertheless, evidence from plant micro and macro-remains, and carbon isotopes suggests that wheat crops played a considerably lesser role in the human diet patterns of the inhabitants of the Lajia site during the Qijia period; that is, the degree of influence of wheat crop consumption during the spread of foods around the globe is quite limited. One of the reasons why ancient humans did not consume wheat crops is probably that the cultivation and use of wheat crops was limited by environmental factors around the Lajia site. The climate of northwest China around 4,000 years ago was different to that of the wheat origin area (Yang et al., 2021), which possibly affected its growth and cultivation. Another possible reason is due to the context of culinary choices; in West and Central Asia, there was a grinding and bread-baking tradition, while in East Asia steaming and boiling of whole grains was practiced (Liu et al., 2016b). Therefore, the adoption rate of wheat crops with hard seed coats might have been slower in this region. Wheat crops were widely used with the appearance of flour grinding technology in Northern China until the Han Dynasty (Zeng, 2005).
Notably, 9% of C3-based food resources were found in the food structures during the carbon isotope analysis of human teeth in Lajia. Meanwhile, the tribe Triticeae (n = 54; 15.9%), roots and tubers (n = 9; 2.6%) belonging to C3 plants was common in the dental calculus from human teeth (Table 2). Phytoliths from Panicoideae and Pooideae, belonging to C3 plants, were also found. Based on the results of the current analysis, we can confirm that the ancient inhabitants of the Lajia site ate foxtail and broomcorn millets belonging to the C4 plants of the Panicoideae subfamily. However, we cannot completely rule out the possibility that ancient people of the Lajia site ate C3 plants belonging to Panicoideae, although it is still uncertain which C3 plants of Panicoideae they may have eaten. The results show that the human diet at the Lajia site is dominated by C4-based food resources (broomcorn and foxtail millets), but they were not the only plant resources consumed. The presence of a few C3 plants from the tribe Triticeae, roots and tubers, Panicoideae, and Pooideae in this study, along with some other C3 species of Poa and Oats in an earlier flotation study (Zhang, 2013; Ye, 2015) suggest that gathering was still an important supplementary resource for the occupants of the Lajia site.
Finally, millet starch grains represented 81.4% (n = 277) of the total identified starches taken from the teeth of the human remains at this site. Four plant species were identified in the present study. The results were compared with those from the Xinzhang (4,500–4,000 cal a BP, >50%, 6), Mogou (4,000 cal a BP, 14.3%, 7), and Nancheng sites (4,000–3,600 cal a BP, 50.6%, 4) (Li et al., 2010; Ren et al., 2017; Chen et al., 2021), and the proportion of millet starch grains in Lajia was significantly higher than that at the other sites; simultaneously, the number and proportion of plant species was lower. The composition of the plant resources may have been driven by a relatively extreme local environment. The Lajia site is located on the eastern edge of the Qinghai-Tibet Plateau climatic zone, with a low annual average temperature and fragile agricultural ecological environment. In addition, the climate tended to be dry and cold after 4,500 cal. BP in this region (Gong et al., 2011). This means that the number of plant resources that were collected in the surrounding areas and animal resources available for hunting would be further reduced from their currently sparse modern-day levels. In addition, the Lajia site was a settlement society, observed from the rich remains including house foundations, ash pits, altars, and community squares excavated from the site (Ye, 2002), which restricted the scope of activities of the ancient humans. Therefore, this region did not have sufficient plant resources to allow a community to survive through foraging alone. This might explain the enhanced millet cultivation and/or a greater reliance on hunting and sheep rearing.
5 CONCLUSION
The results of δ13C and δ15N values in the seven human teeth and plant micro-remains from the 24 dental calculus at the Lajia site indicate that: 1) human diets mainly consisted of C4-based food with a few C3-based foods originating from the combination of millet and plants gathered, and these ancient humans had a high-protein diet possible due to their hunting activities. Based on other archaeological evidence at the site, it is probable that pigs, sheep, and deer were the main sources of this protein. 2) Based on the analysis of ancient starch grains and phytoliths, the diet of the occupants of the Lajia site included foxtail and broomcorn millet, the tribe Triticeae, roots and tubers, and plants from Pooideae of the Poaceae subfamily. Combined with data from human teeth and dental calculus, a predominantly millet-based lifestyle occurred at the Lajia site, but gathering factors are still evident. Regarding the impact of food globalization, the dietary patterns of ancient humans at the Lajia site were probably affected by the introduction of sheep, but no direct evidence of wheat crops or their consumption was observed. Finally, the results of our simulation experiment highlight the need to consider the enlargement of size when identifying different species of cooked or processed starch grains.
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The use of rice and millet has been uncovered at a few archaeological sites associated with the Shuangdun Culture (ca. 7.3–6.8 ka BP) in the middle catchment of the Huai River, China. Nevertheless, the consumption of rice, millet, and other types of plant foods at other contemporaneous sites in the same region still needs supporting information from more case studies. This article examines pottery sherds (n = 21) excavated from another representative Shuangdun Culture site at Houjiazhai with starch grain analysis. Varied types of pottery vessels contain starch remains from rice (Oryza sativa), foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), Job’s tears (Coix lacryma-jobi), Triticeae, roots of snake gourd (Trichosanthes kirilowii), lotus root (Nelumbo nucifera), Chinese yam (Dioscorea panthainca), lily bulbs (Lilium sp.), acorns (Quercus sp.), and beans (Vigna sp. or/and Vicia sp.). Further quantitative analysis of the starch data indicates that cereals, including rice and millet, were predominantly consumed in the pottery vessels. Changes and continuities of culinary practices are also present at Houjiazhai, which are reflected in the different pottery assemblages as well as the utilized plant species in different occupation phases at the site. Combining previous studies, this article also reveals the differences and similarities of the past population in choosing their plant food resources during the period of Shuangdun Culture in the middle catchment of the Huai River, China.
Keywords: starch grain, plant food, Shuangdun Culture, Huai River, Houjiazhai
INTRODUCTION
China was one of the world’s primary centers 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 oldest solid evidence for formalized rice (Oryza sativa) and millet (Setaria italica and Panicum miliaceum) farming, respectively (Jiang and Liu, 2006; Yunfei and Jiang, 2009; Yang et al., 2012). Even though it is commonly acknowledged that rice and millet farming had spread northward and southward afterward in China, the exact routes regarding the diffusions of these crops over time and space remain an area of active research (Zhang, et al., 2010; Fuller, 2011; Ma, et al., 2016; Yang, et al., 2018; Huan, et al., 2022; Long, et al., 2022).
The Huai River drains the plain between the Yangtze and Yellow Rivers and has formed a transitional climatic zone between northern and southern China (Figure 1). Archaeobotanists have a continuing interest in the catchment of the Huai River (CHR) not only due to its diverse prehistoric cultures but also due to some of the early significant occurrences of rice and millet observed, starting from the early to middle Neolithic period. In the upper CHR, for instance, macrobotanical remains of rice were found at the site of Jiahu (7000–5500 BC) (Zhang and Wang, 1998). In the same region, phytolith and macrobotanical remains from the sites of Tanghu and Zhuzhai revealed that mixed farming of rice and millet had started there during the middle Peiligang Culture period (c. 7,924 ± 41 to 7,640 ± 45 cal. BP) (Zhang, et al., 2012; Bestel, et al., 2018; Wang, et al., 2018). In the middle and lower CHR, several recent studies also yielded remains from either rice or millet (Luo, et al., 2016; Yang, et al., 2016; Luo, et al., 2019; Qiu, et al., 2022). These findings together make the CHR a crucial region for investigating the dispersal of rice and millet in Neolithic central-eastern China.
[image: Figure 1]FIGURE 1 | The locations of the site of Houjiazhai and other sites associated with the Shuangdun Culture in the Middle Huai river valley.
The present study focuses on the Shuangdun Culture (ca. 7.3–6.8 ka BP) developed in the middle CHR. This culture was named after the site of Shuangdun, which was first excavated in the year 1986 (Kan and Zhou, 2007). In addition to Shuangdun, several other excavated archaeological sites attributed to the same Shuangdun Culture comprise Shishanzi (Jia, 1992), Yuhui (Zhang et al., 2020), and Xiaosungang (Yang et al., 2015). Many of the Shuangdun Culture sites are characterized by their carved symbols on pottery vessels, which are valuable for investigating Neolithic ways of life and the origin of Chinese characters (Huang, 2012; Xu, 2007, 2008).
To understand the prehistoric use of plants during the Shuangdun Culture period, researchers have studied soil samples, stone tools, and potsherds from the site of Shuangdun through phytolith analysis or starch grain analysis (Dong, 2013; Dong, et al., 2014; Cheng, et al., 2016; Luo, et al., 2016; Yao, 2016; Xuan, 2017). The results from these studies indicate that rice and millet had already appeared at some of the Shuangdun Culture sites (Supplementary Table S1). Nevertheless, whether rice and millet were commonly cultivated in the entire middle catchment of the Huai River still needs supporting data from more case studies, especially taking into account that some of the previous archaeobotanical work carried out at the Shuangdun Culture sites were either based on a limited number of artefacts or a single analytical method. For instance, only 10 grinding tools were chosen for starch grain analysis at the site of Shishanzi (Dong, et al., 2014). The site of Xiaosungang was studied from the perspective of macrobotanical plant remains (Cheng, et al., 2016). Under such circumstances, potsherds from another Shuangdun Culture site of Houjiazhai were selected in the present study for starch grain analysis. The main objective of the present study is to add more data to enrich the discussion regarding plant foods consumed by the early farming groups associated with the Shuangdun Culture.
The site of Houjiazhai is in the Village of Yuanzhuang, Dingyuan City, Anhui Province, about 60 km south of the Huai River (Figure 1). It is a Neolithic platform–shaped site with an area of more than 30,000 square meters. The site was discovered in the spring of 1977 and went through two excavation seasons in the spring of 1985 and the autumn of 1986 (Tang, et al., 2019). An area of 375 square meters has been revealed so far. Based on the material culture and radiocarbon dating of two bone samples unearthed at Houjiazhai (Table 1), it has been proposed that the site occupation lasted through two different phases: Phase I (ca. 7.3–6.8 ka BP) and Phase II (ca. 6.2–5.6 ka BP) (Tang, et al., 2019; Luo, et al., 2020).
TABLE 1 | Carbon-14 dates and dendrochronologically corrected dates of bone samples excavated at Houjiazhai.
[image: Table 1]The pottery assemblage retrieved from the excavations has been carefully classified according to their shapes, sizes, and tempered materials (Tang, et al., 2019). The changes in the pottery assemblages in Phase I and Phase II include the following: 1) cauldron vessels (fu in Chinese, a type of cooking vessel with fat bellies and without standing feet), which exclusively appeared in Phase I (n = 28); 2) the number of tripods (ding in Chinese, a type of cooking vessel with standing feet) and dou vessels (a type of serving vessel with a base) increased dramatically in Phase II, from 7 to 39 and 9 to 45, respectively; 3) the pottery vessels were decorated with simple carved signs in Phase I compared to those elaborately painted with geometric patterns in Phase II; and 4) the technological changes in terms of materials used for pottery tempering. For instance, ding vessels from Phase I were shell tempered, while they were shell or sand tempered in Phase II; dou vessels were tempered with plants (unidentified) in Phase I but were not tempered in Phase II. Apart from these differences, bowls unearthed from Phase I and Phase II periods were both shell or plant tempered, and their number only shows slight growth in Phase II, from 15 to 18, giving the best example for showing continuity in the pottery assemblages.
Different from the previously studied grinding tools in China and elsewhere that were mainly used for plant processing (Hamon, 2009; Li, et al., 2019; Li et al., 2020a; Chondrou, et al., 2021), different types of pottery vessels hold the unique potential to offer more information regarding the storing, cooking, and serving of plant foods (Craig, et al., 2013; Nieuwenhuyse, et al., 2015; Wang, et al., 2021). Furthermore, our previous research analyzed potsherds from the Phase II of Houjiazhai with starch grain analysis (Luo, et al., 2020). The yielded data, together with the results from the present study, allow a comparison of how different types of pottery vessels were used in different occupation periods at the same site.
MATERIALS AND METHODS
The Pottery Sherds From the Site of Houjiazhai
In the present study, pottery sherds (n = 21) unearthed from the Phase I contexts of the site of Houjiazhai were sampled for starch grain analysis (Figure 2). These pottery sherds were chosen because their morphological features still allow us to determine their original typologies. Potsherds that were likely involved in various food-related activities were selected to understand the use of different types of pottery vessels (Supplementary Table S2). Two of the samples from jars and two from an urn were selected because they were potentially used for storing foods. To investigate ceramics that were used for cooking, seven fu vessels and one ding vessel were chosen. Moreover, eight pottery sherds from bowls and one from a spoon were selected because they were likely used to serve food.
[image: Figure 2]FIGURE 2 | Examples of pottery sherds subjected to starch grain analysis in this study—(A) DHT6③:3A, spoon; (B) DHT3④:274, a fragment from a bowl (dou type); (C) DHT6④:99, a bowl fragment; (D) DHT3③:53, jar; (E) DHT3③: 209, fu; and (F) DHT3③:183, a fu fragment (scale bar: 10 cm).
All these potsherds were briefly washed after excavation and were kept in the local museum. Although washing may have removed some valuable information on the samples, several studies have successfully extracted starch grains from washed artefacts or those stored in museums (Barton, 2007; Ciofalo, et al., 2020). More importantly, we have presented positive results for the study of the pottery sherds from Phase II of Houjiazhai (Luo, et al., 2020); thus, we believe the sampled pottery sherds retrieved from Phase I of Houjiazhai are promising to provide more valuable information regarding plant use in the earlier stage of the site.
Extraction and Recovery of Starch Grains
The published protocols for extracting starch grains from washed artefacts were consulted and slightly modified for this study (Ciofalo, et al., 2020). First, a wash bottle with ultra-purified water with significant water pressure was used to rinse the artefacts, which removed the majority of additional soil matrix that loosely adhered to and was not a part of the artefacts’ use-history (Barton and Torrence, 2015). This type of washing was also intended to remove some possible modern contaminations (Chandler-Ezell and Pearsall, 2003). Second, an ultrasonic toothbrush was used on the internal surfaces of each artefact for 2 min each, followed by rinsing, and the aqueous samples were gathered from different surfaces in different 50-ml plastic tubes for further analysis. Control samples were taken from the soil attached to pottery surfaces, the local museum, and the lab where starch grain analysis was conducted. Then, these samples were processed in the lab for the recovery of starch grains using a heavy-liquid solution of CsCl, the steps of which have been adopted and introduced in our previous publications (Yang et al., 2016; Luo et al., 2020).
For comparison of taxonomic ascription, we used an assembled reference collection of starch grains obtained from recent economically useful and edible plants that were collected in the archaeobotany lab at the University of Science and Technology of China (Figure 3). We also consulted the published data on modern starch grains (Liu et al., 2014; Wan et al., 2011; Wan et al., 2012).
[image: Figure 3]FIGURE 3 | Relevant reference collection of modern starch grains at the University of Science and Technology of China—(a,a’) rice from Hunan, China; (b,b’) rice from Fujian, China; (c,c’) broomcorn millet from Shaanxi, China; (d,d’) foxtail millet from Shaanxi, China; (e,e’) Job’s tears from Anhui, China; (f,f’) roots of snake gourd from Anhui, China; (g,g’) Chinese yam from Henan, China; (h,h’) lotus root from Henan, China; (i,i’) lily bulbs from Gansu, China; (j,j’) mung bean from Henan, China; (k,k’) sweet pea from Anhui, China; (l,l’) acorns (Quercus acutissima) from Anhui, China; (m,m’) wheat from Anhui, China; (n,n’) wheat after boiling; and (o,o’) Job’s tears after grinding (scale bar: 20 μm).
RESULTS
The starch grains from this study were recovered from all the pottery sherds only, rather than the control samples taken from the museum, the lab, and the soil attached to the surfaces of the pottery sherds (Supplementary Table S2). Thus, we postulate 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. Overall, the starch grains identified provide insights into the consumption of diverse plant remains at the site of Houjiazhai during Phase I, including cereals, tubers, nuts, and beans (Supplementary Table S2).
Cereals
A total of 1,038 recovered starch grains could be identified as cereals. Type A was identified as starch grains from rice, without fissures and lamellae on their surfaces (Figures 4a, a’, b, b’). The grains were either singular or compound with clear extinction crosses on some larger singular grains. The size range of the singular starch grains was 2.29–9.91 μm.
[image: Figure 4]FIGURE 4 | Ancient starch grains identified on potsherds from the site of Houjiazhai—(a,a’,b,b’) rice; (c,c’,d,d’,e,e’,f,f’) foxtail millet, broomcorn millet, and probably small grains from Job’s tears; (g,g’,h,h’) Job’s tears; (i,i’,j,j’) root of snake gourd; (k,k’) Chinese yam; (l,l’) lotus root; (m,m’) lily bulbs; (n,n’,o,o’) beans that may include Vigna sp. or/and Vicia sp.;(p,p’) acorns; (q,q’) seeds from Triticeae showing more pronounce lamellae; and (r,r’) an example of a damaged starch grain (scale bar: 20 μm).
Starch grains from type B (Figures 4c, c’, d, d’, e, e’, f, f’) were identified as Panicoideae from foxtail millet, broomcorn millet, and probably small grains from Job’s tears (Coix lacryma-jobi). Studies have compared starch grains from these three species and found it is difficult to separate them precisely because of their common morphological features in size and shape (Liu, et al., 2014). Starch grains from type B were singular with centric hilum, and their size range was 8.04–29.25 μm. The shapes of type B starch grains were near-circular or polygonal. Lineal or “Y”-shaped fissures were often present on type B starch grains.
Type C was identified as Job’s tears (Figures 4g, g’, h, h’). Although the shape of starch grains from type C shares some similarities with those from type B, starch grains from type C were characterized by eccentric hilum and extinction cross with zig-zag arms. The size range was 6.93–30.10 μm, and the average size was 19.71 μm. It should be noted that the largest grain sizes of the identified Job’s tears, foxtail millet, or broomcorn millet in the present study were slightly bigger than the data reported in a previous study (Liu, et al., 2014), in which the largest grain sizes of the modern starch grains from foxtail millet, broomcorn millet, and Job’s tears were 21.17, 12.80, and 29.20 μm, respectively. One of the possible reasons causing a larger size range in the present study could be related to the prehistoric pre-treatments (e.g., cooking and grinding) of the plants because experiments have demonstrated that various processing methods could enlarge the sizes of starch grains (Henry, et al., 2009; Wang, et al., 2017; Li et al., 2020a).
Type D starch grains were identified as Triticeae, with their size ranging from 2.598 to 47.60 μm, and the average size is 18.37 μm. Starch grains from type D were circular or lenticular, with hilum in the center. Fissures were often absent, but lamellae were present occasionally. The extinction cross is “X”-shaped and vague in a few cases. Interestingly, a few starch grains from type D were discovered on cooking vessels showing more pronounced lamellae (e.g., Figures 4q, q’), a type of damage feature perhaps caused by boiling, according to the previous experimental studies (Henry, et al., 2009; Wang, et al., 2017).
Underground Storage Organs
A total of 129 starch grains could be identified as USOs. These starch grains were characterized by their eccentric hilum and “X”-shaped extinction cross with curved arms.
Among the starch grains from USOs, type E (Figures 4i, i’, j, j’) were identified as snake gourd (Trichosanthes kirilowii), with their size ranging from 16.00 to 30.37 μm, and their average size was 21.26 μm. The forms of starch grains from type E include round, semi-circular, and bell-shaped. This type of plant has been widely discovered in prehistoric China and is traditionally used as a type of famine food (Zhu, 1406).
Starch grains from type F (Figures 4l, l’) were identified as lotus root (Nelumbo nucifera), with their size ranging from 9.43 to 47.70 μm, and their average size was 17.85 μm. The shapes of starch grains from type F include semi-circular, bell-shaped, and oblong. Different from type E, starch grains from type F often presented clear lamellae, linear fissure, and more extreme eccentric hilum on oblong starch grains.
Starch grains from type G (Figures 4k, k’) were identified as Chinese yam (Dioscorea panthainca). The starch grains differ from type E and type F in terms of their shapes, which are triangular or quadrilateral ovate. The size range of starch grains from type G was 11.84–35.91 μm, and their average size was 23.01 μm. Type G starch grains also showed extreme eccentric hilum and clear lamellae on their surfaces.
Starch grains from type H (Figures 4m, m’) were identified as lily bulbs (Lilium sp.) Similar to starch grains from types F and G, starch grains classified into type H also process eccentric hilum but were thinner in their shapes. The size of type H ranged from 15.79 to 22.39 μm, and their average size was 26.99 μm.
Acorns
A total of 11 starch grains were identified as type I (Figures 4p, p’) from acorns (Quercus sp.), the size range was 9.91–19.92 μm, and the average size was 17.85 μm. The grains were singular with “X”-shaped extinction crosses. The forms of type I included triangular-ovate and drop-shaped, with centered or slightly eccentric hilum.
Beans
A total number of 14 starch grains were classified into beans (type J) that may include Vigna sp. or/and Vicia sp. (Figures 4n, n’, o, o’). The size range of type J was 13.81–34.25 μm, and the average size was 18.78 μm. The grains were singular and oval- or kidney-shaped. The extinction cross of type J resembled two tangent curves. On the surface of starch grains from type J, lineal fissures vertical to the longer axis of the grains were often present near the hilum.
Damaged Starch Grains
Starch grains (n = 117) were classified into the damaged group of type K (Figures 4r, r’) based on their incomplete forms and faint extinction cross. These damaged grains were identified only if they possessed typical morphological features that matched our modern reference collections (e.g., Figures 3n, n’, o, o’). Notably, apart from potential prehistoric treatments (e.g., cooking, pounding, grinding, and fermenting) (Henry, et al., 2009; Mickleburgh and Pagán-Jiménez, 2012; Wang, et al., 2017; Li et al., 2020b), the post-depositional process and use of modern chemicals during the stage of starch extraction could have damaged starch grains (García-Granero, 2020). It is thus challenging for us to further interpret what may have caused damage to starch grains on each artefact at the current stage.
DISCUSSION
Preservation of Starch Grains on Different Types of Pottery Vessels
Because starch grains subjected to high temperature would be substantially damaged according to previous experiments (Henry, et al., 2009), it was thus predicted that starch grains, especially the intact ones, would be rare on vessels used for cooking and serving. Interestingly, both intact and damaged starch grains were found on all types of pottery vessels in the present study. Similarly, complete starch grains were also detected on cooking and serving pottery from other archaeological sites in China and elsewhere (Perry, 2004; Yang, et al., 2014). These findings suggest that starch grains would be preserved on multiple types of pottery vessels.
The number of starch grains on pottery vessels used for storing (i.e., urns and jars), cooking (i.e., fu and ding), and serving (i.e., bowls and dou) was also counted: Cooking vessels yielded the maximum starch grains in general (but with a few exceptions, see the sample of TQ2 in Supplementary Table S2), followed by vessels used for storing and serving (Figure 5). This phenomenon is consistent with the result in our previous study at Houjiazhai (Figure 5, Luo et al., 2020), in which the pottery vessels from Phase II were subjected to starch grain analysis (Figure 5). These findings tend to suggest that the chance of detecting starch grains can be even higher on pottery vessels used for cooking. However, these propositions still need to be tested in more case studies since the complex life histories of pottery vessels, post-depositional processes of food residues, and different sampling protocols could all potentially affect the chances of discovering food remains (Henry, et al., 2016; Hutschenreuther, et al., 2017; Li et al., 2020b).
[image: Figure 5]FIGURE 5 | Quantities of starch grains detected on potsherds attributed to Phase I and Phase II of Houjiazhai.
Here, we propose two possible factors that might result in the different numbers of starch grains on pottery vessels from Houjiazhai: techniques adopted in pottery making and pottery functions. The cooking vessels from Houjiazhai were all tempered with sand or shell, with rough surfaces (Tang et al., 2019). In contrast, serving vessels (i.e., bowls) from Houjiazhai are compact because they were made without tempering materials. It has been proposed that starch grains can easily become trapped or embedded in areas of an artefact where they are protected from degradation, such as pores, micro-fractures, cracks, holes, and micro-striations on the surface of an artefact (Torrence and Barton, 2006). From this point of view, tempered pottery vessels with relatively loose structures may possess stronger abilities in capturing plant remains and provide more starch grains. Nevertheless, storage vessels from Houjiazhai were also shell-tempered, but these vessels yielded fewer starch grains than cooking pots. Thus, different uses of pottery vessels could also affect the preservation of starch grains considering the contacts of plants with storage vessels were more likely static and superficial, while cooking vessels were probably frequently adopted for boiling plant foods.
Changes and Continuities of Starchy Foods at Houjiazhai
In Phase I, starch grains from beans, Chinese yam, and lily bulbs were discovered, while none of these starch grains appeared in potsherds attributed to Phase II. The other plant species, including rice, millet, seeds from Triticeae, acorns, and lotus root, were utilized in both Phase I and Phase II. The comparison of plant species found on pottery vessels from Phase I and Phase II of Houjiazhai thus infers that people utilized more diverse plant food resources at the earlier stage.
Apart from the quantities, the ubiquities of each identified plant species in both Phase I and Phase II are calculated and compared (Figures 6A,B). Ubiquity here refers to the occurrence of identified plant taxa among pottery vessels associated with storing, cooking, and serving. Compared to starch grains from USOs and acorns, the ubiquities of cereals are relatively higher on all types of pottery vessels (Figures 6A,B), implying that cereals were mostly consumed with the pottery vessels during the periods of Phase I and Phase II at Houjiazhai. Notably, the ubiquities of certain types of plants vary in different types of pottery containers (Figure 6). The striking examples are lily bulbs and wild beans in Phase I, whose starch grains only appear on cooking vessels, but none of their starch grains were found on vessels used for storing and serving. Lily bulbs and wild beans were not likely stored in pots after harvesting; their low ubiquities on cooking vessels also suggest these two types of plants were not the primary food resources at Houjiazhai during the period of Phase I. In Phase II, starch remains from lily bulbs and beans were not even discovered in the pottery assemblages (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Ubiquities of different types of starch grains on Houjiazhai pottery vessels attributed to Phase I; (B) ubiquities of different types of starch grains on Houjiazhai pottery vessels attributed to the Phase II (note: ubiquity refers to the occurrence of identified plant taxa amongst the certain type of pottery vessels: storing, cooking, and serving, see also the Supplementary Tables S3, S4.).
The ubiquities of millet, Job’s tears, seeds from Triticeae, lotus root, and acorns are relatively the same in Phases I and II (Figures 6A,B); only the ubiquity of rice starch grains decreased slightly in Phase II. These results tend to suggest that the past Houjiazhai people probably consumed less rice in Phase II. Yet, limitations of starch grain analysis have been recently discussed by a group of researchers (Langejans, 2012; Mercader, et al., 2018; García-Granero, 2020), and it has been proven that different environments affect the preservation of starch grains on artefacts, with certain starch grains being more resistant than others to amylolysis during their deposition into soils (Haslam, 2004; Hutschenreuther, et al., 2017). Another experimental research study also found a bias in the preservation of the starch grains on ancient grinding tools because starch grains from rice experienced the most morphological changes during dry-grinding processes (Li et al., 2020a). So far, the preservations of starch grains from different plant species on daily-use pottery vessels, which usually have complex life histories, have not been systematically studied. Bearing these factors in mind, we propose to consider whether rice was less intensively used at the site of Houjiazhai with other lines of evidence from macro plant remains or phytolith analysis. Nevertheless, the changes and continuities of foodways at Houjiazhai can still be reflected in the changing pottery assemblage as well as the different types of plant foods consumed in the two different occupation stages.
Diverse Plant Foods at the Shuangdun Culture Sites
Overall, the results in our study are consistent with the previous archaeobotanical work in the research region (Supplementary Table S1), suggesting people at the Shuangdun Culture sites utilized various plant species. Starch grains from cereals, USOs, and beans were commonly discovered on artefacts excavated at the sites of Shuangdun, Shishanzi, and Houjiazhai. These findings are supported by the macrobotanical remains identified at the site of Xiaosungang in the same period, where 40 soil samples taken from 6 ash pits and 14 cultural layers were subjected to floatation (Cheng et al., 2016). Acorns, however, were only detected at the sites of Houjiazhai and Xiaosungang (Supplementary Table S1).
Among the group of cereals, rice remains appeared at most of the studied Shuangdun Culture sites (3 out of 4), except for the site of Shishanzi. It is worth noting that the reason for not recovering starch grains from rice at the site of Shishanzi could be related to its small sampling size or the difficulties of detecting small starch grains from rice (Yang, et al., 2015). In terms of millet, our study at Houjiazhai and the previous phytolith analysis carried out at Shuangdun indicate millet appeared at both sites (Luo, et al., 2019). Moreover, Zhang et al. (2020) recently found evidence of millet consumption through pollen and lipid analysis of coprolites from another site of Yuhuicun that is associated with the Shuangdun Culture. The multiple lines of evidence thus confirm millet had already reached the sites located in the south of the Huai River during the Shuangdun Culture period.
CONCLUSION
The identification of starch grains discovered on potsherds attributed to the periods of Phase I of Houjiazhai indicates vessels involved in storing, cooking, and serving could provide valuable information regarding plant foods during the Shuangdun Culture period. Further quantitative analysis of the yielded data found that cooking vessels provided the highest quantity of starch grains in both Phases, which is vital for understanding the preservation of plant remains in different tempered pottery vessels. The comparison of results of starch grain analyses on potsherds attributed to Phase I and Phase II at Houjiazhai also demonstrates that prehistoric culinary practices could be studied not only in the pottery assemblages but also in the utilized plant species. Overall, the holistic approach used here, considering the classification of different types of pottery vessels as well as the published data on archaeobotany in the research region, shows a more detailed understanding of which types of starch foods were consumed and then preserved on various Neolithic pottery vessels. The findings of both rice and millet starch grains at the site of Houjiazhai (Phase I) are also valuable clues for mapping the spatiotemporal route for the spread of rice and millets in central-eastern China during the Neolithic age.
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Starch-rich plants have played an important role in human evolution and societal development. Collected, grown, and consumed to support ever-increasing populations, such plants are integral to understanding past human diets. With the advent of starch granule analysis, plant resources that were invisible in the archaeological record can now be revealed in the cracks and crevices of artifacts. Widespread application of this technique, however, has stalled due to a lack of rigorous and standardized protocols. For example, taxonomic identification of starch granules using consistent diagnostic characteristics is still a challenge as there are no comprehensive surveys across important (i.e., dietary) plant taxa, especially at the levels of families, genera, and species. This study provides characteristics for identifying starch granules of seven major North American plant families (Amaranthaceae, Apiaceae, Fagaceae, Liliaceae, Pinaceae, Poaceae, and Solanaceae) based on systematic, morphometric studies of modern reference materials. A dichotomous key to starch granules of the seven families was also generated to aid in identification of those from archaeological contexts. Although we have focused on plants from western North America, these families occur across the globe and have had dietary significance throughout prehistory.
Keywords: starch granule analysis, taxonomic identification, western North America, human evolution, starch-rich foods
INTRODUCTION
The study of starch granules preserved in archaeological contexts, such as from dental calculus and crevices on stone tools, can indicate, often to species-level, the identity of plant foods that had been consumed. Starch granules are the energy storage structures of plants, abundantly found within seeds, fruits, and tubers. They are produced by most vascular plants and the morphology of granules is genetically controlled. Thus, the size, shape and surface features of the granules can indicate which plant taxon (e.g., family, genus, and species) produced them (Nägeli, 1858; Reichert, 1913; Shannon et al., 2009). Although this technique has shed light on the importance of plants in ancient human diets, starch granule research is still underdeveloped and faces several significant issues (Mercader et al., 2018), including rigorous methods for taxonomic identification.
The analysis of starch granules relies on careful measurements of dimensions and accurate descriptions of morphological characteristics, while taxonomic identification is based on comparison to modern reference material. Diagnostic keys for identification are especially useful and have been produced for plant taxa from China (Yang and Perry 2013), eastern North America (Messner 2011), and eastern Mediterranean (Ahituv and Henry 2022). Developing standards that increase the quality and replicability of measurements, descriptions, keys, and documentation is the next necessary step in advancing this technique. This study provides a standardized, systematic approach to defining characteristics that identify the granules of seven major plant families (Amaranthaceae, Apiaceae, Fagaceae, Liliaceae, Pinaceae, Poaceae, and Solanaceae) using reference materials of genera from western North America. A dichotomous key to starch granules of the seven plant families is also presented.
METHODS AND MATERIALS
Reference Materials
Reference materials for this study includes eighteen species from thirteen genera and seven major plant families having regional and global dietary significance (Table 1). Not only have these taxa been documented in ethnographic literature, the majority have also been recovered from archaeological sites across western North America. Some of these materials were collected from preserved herbarium specimens while others were collected from live plants in the field. To capture variation within a species, starch granules were extracted from three geographically dispersed individuals (replicate samples) and described using an array of morphometric characteristics (e.g., size, shape, surface features, response to polarized light). Source and collection data for can be found in Supplementary Table S1. Plant nomenclature follows USDA GRIN http://www.ars-grin.gov/∼sbmljw/johnindex.html.
TABLE 1 | Plant taxa and tissue sampled for starch.
[image: Table 1]Starch Extraction
Different plant parts that most likely contain starch (seeds, fruits, nuts, endosperm, bulbs, tubers, caryopses, and taproots) were processed according to standard protocols (e.g., Torrence and Barton 2006) in the Natural History Museum of Utah (NHMU) Archaeobotany Lab. Material was ground using a sterile mortar and pestle and was sieved through a 125 µm mesh Endecott screen into a beaker using DH20. Sample material <125 µm was transferred to a sterile 50 ml test tube and each sample was centrifuged for 3 minutes at 3000 RPM. The supernatant was discarded, and the sample pellet was transferred to a sterile 15 ml test tube. Each test tube was re-suspended with a vortex mixer, adding 7 ml of lithium heteropolytungstate (LST; specific gravity 2.00–2.35), and then centrifuged for 15 min at 1000 RPM. The sample was extracted from the heavy liquid using a pipette, carefully removing the top 1–2 mm layer of organics containing starch and placed into new 15 ml test tubes. Each sample was rinsed three times until all residual heavy liquid was removed. Samples were then rinsed with acetone, mixed with a vortex, and centrifuged for 3 min at 3000 RPM. The acetone was decanted, and samples were covered and left to dry overnight. Once dried, the samples were mixed with 50% DH20 and 50% glycerol solution and then mounted on microscope slides.
Microscopy
Each slide was scanned using a transmitted brightfield microscope fitted with polarizing filters and Nomarski optics (Zeiss Axioscope 2, Zeiss International, Göttingen, Germany). A digital camera (Zeiss HRc) with imaging and measurement software (Zeiss Zen) were used to capture images of and measure starch granules. For each reference sample, randomly generated X-Y coordinates were used to measure and photograph approximately 100 granules from each individual plant (n=∼300 from each species). All starch granules present in these photographs were measured and examined for morphological characteristics.
Granule Size and Morphology
Under ×400 magnification, the sizes, shapes, surface features and responses to polarized light of the starch granules were observed. Once identified and photographed, starch granules were described according to an established set of structural and surface characteristics (Reichert, 1913; ICSN, 2011) (Table 2). The size of each starch granule was measured as the maximum length through the hilum. Granules were also examined for the presence of morphological characteristics including 2-D shape, hilum position, central cavity, extinction cross, fissures, lamellae, pressure facets, and depressions along the margins (Reichert, 1913; ICSN, 2011). Starch granule size tends to be non-normally distributed and, therefore, relying on mean granule size is not appropriate for identification purposes (Louderback et al., 2017). Boxplots showing the distribution of starch granule size for each species was generated using the boxplot function in the “graphics” package for R v. 3.6.2 (Chambers et al., 1983; Becker et al., 1988; Murrell, 2005; R Core Team, 2019). To overlay individual granule size data, we used the jitter method within the stripchart function in the “graphics” package for R v.3.6.2.
TABLE 2 | Description of starch granule morphological characteristics adapted from Reichert (1913) and ICSN (2011).
[image: Table 2]Size distributions among all possible pairs of the study species were statistically compared using the non-parametric Kolmogorov-Smirnov (K-S) test. Applying a statistical analysis to starch granule identification promotes reproducibility and an overall increase in confidence (Louderback et al., 2017; Gao et al., 2021). It is becoming standard practice to measure the size, shape and morphological characteristics of reference starch granules from multiple populations so that variation and statistical significance can be assessed (Liu et al., 2014a; Brown and Louderback, 2020; Wilks et al., 2021).
RESULTS
Granule Size
Starch granule measurements from individual species were pooled for overall size and morphological analyses (Supplementary Data S1). Smaller granules tend to exhibit few diagnostic characteristics, therefore, relying on the top 20% granule lengths allowed for greater differentiation between taxa because morphological characteristics occur more frequently in larger granules (Liu et al., 2014a; Louderback et al., 2017). Granule size distributions of all plant taxa are plotted in Figure 1. All comparisons were significantly different (p < 0.05), except between Cymopterus bulbosus and Lomatium triternatum (p = 0.08), Lomatium donnellii and Quercus agrifolia (p = 0.70), Lomatium donnellii and Quercus douglasii (p = 0.35), Quercus douglasii and Quercus agrifolia (p = 0.28), and Calochortus nuttallii and Erythronium grandiflorum (p = 0.38).
[image: Figure 1]FIGURE 1 | Starch granule size distributions for the upper 20% granule lengths. All comparisons were significantly different (p < 0.05) except between Cymopterus bulbosus and Lomatium triternatum, Lomatium donnellii and Quercus agrifolia, Lomatium donnellii and Quercus douglasii, Quercus douglasii and Quercus agrifolia, and Calochortus nuttallii and Erythronium grandiflorum.
Granule Morphology
Morphological characteristics, including 2D shape, hilum position, central cavity, extinction cross, fissures, lamellae, pressure facets, and depressions were documented for each granule for all 18 taxa (Supplementary Data S1). The frequency of those characteristics occurring on granules was calculated and expressed as a number between 0.0 and 1.0. (Figures 2A,B). Definitions for these characteristics were compiled primarily from ICSN (2011) and Reichert (1913), but some definitions were refined for this particular study based on previous work (Piperno et al., 2004, 2009; Holst et al., 2007; Perry and Quigg 2011; Musaubach et al., 2013; Yang and Perry 2013; Louderback et al., 2017; Brown and Louderback 2020; Joyce et al., 2021). All characteristics described above occur more frequently in the top 20% size range of starch granules and, therefore, we report frequencies for those granules (Figures 2A,B).
[image: Figure 2]FIGURE 2 | (A,B) Frequency of morphological characteristics observed and documented on the upper 20% sizes of starch granules from each species.
A dichotomous key for identifying starch granules of the seven plant families analyzed in this study was generated (Box 1). Because it is based only on a few species from each family, the key will undoubtedly be revised as more families, genera, and species are systematically analyzed using the characteristics presented herein. Furthermore, new techniques will lead to new diagnostic characteristics resulting in further revision and greater application of new diagnostic keys.
BOX 1 Key to starch granules of seven vascular plant families.[image: FX 1]
Different characteristics dominate the array of plant families that we have examined (Figure 3). For example, Amaranthaceae produces miniscule granules (<5 µm) with centric hila and a circular/oval shape. Because they are so small, it is difficult to visually discern additional morphological characteristics. Furthermore, Amaranthaceae starch are often formed in dense clusters of amyloplasts (sheets) bounded by cell walls, so it is rare to see isolated granules (even in reference material, Figure 3) (Reichert, 1913; Louderback, 2014; Capparelli et al., 2015; López et al., 2015). Apiaceae also produces starch granules with centric hila, circular/oval shape, and are frequently observed with transverse or stellate fissures, visible lamellae, and pressure facets (Herzog, 2014; Joyce et al., 2021). Another family that produces circular/oval granules with centric hila is Pinaceae. What distinguishes these granules from those in other families is the obvious presence of a round central cavity (Tinsley et al., 2021). Fagaceae, on the other hand, have starch granules with slightly eccentric hila and are characterized by triangular-trapezoidal shape with confused crosses, mesial longitudinal clefts, and visible lamellae (Messner 2011; Liu et al., 2014b; Brown and Louderback 2020). Liliaceae and Solanaceae produce starch granules with clearly eccentric hila, longitudinal fissures, and visible lamellae, but Liliaceae granules tend to be more circular/oval while Solanaceae are almost always elongated (Messner 2011; Louderback et al., 2017; Ahituv and Henry 2022).
[image: Figure 3]FIGURE 3 | Images of starch granules from each study species (n=18), shown in both differential interference contrast (DIC) (Nomarski) (top rows) and polarized (bottom rows) views.
Of the plant families examined by this study, Poaceae exhibits the most variation in starch granule size, shape, surface structures, and responses to polarized light. For example, Achnatherum hymenoides and Sporobolus airoides produce very small granules (<10 µm) with centric hila, but their shape is often angular, thus distinguishing them from Amaranthaceae. Elymus elymoides (and most Triticeae grasses—barley, wheat, rye) produce distinctive starch granules that can be quite large (up to ∼30 µm), are circular/oval with oblong central cavities, indistinct crosses, and very visible lamellae. Additional characteristics (e.g., pits) have also been observed on these granules (Perry and Quigg, 2011; Yang and Perry 2013; Brown and Louderback, 2020). Finally, Zea mays is another grass genus that produces unique granules. These have a significantly different size range from Elymus, Achnatherum, and Sporobolus (Figure 1) and they also have an irregular shape with transeverse/stellate fissures that are not observed in other Poaceae taxa (Musaubach et al., 2013; Wilks et al., 2021).
DISCUSSION
The current study provides a standardized, systematic approach to defining characteristics that identify starch granules of seven major North American plant families (Amaranthaceae, Apiaceae, Fagaceae, Liliaceae, Pinaceae, Poaceae, and Solanaceae) that have dietary importance to humans. This approach was based on large numbers of reference starch granules from multiple plant populations of different genera. Our results revealed distinctive and, therefore, diagnostic characteristics of starch granules among the different families. A dichotomous key was developed based on these characteristics to aid in the identification of archaeological starches. Although the focus was on plant taxa from western North America, we find that our descriptions for size and morphological characteristics of starch granules are generally consistent with other studies at the genus and family levels. This includes plants from regions across the globe, such as Central and South America (e.g., Holst et al., 2007; Piperno et al., 2009; Musaubach et al., 2013; Capparelli et al., 2015; Lopez et al., 2015), China (e.g., Yang et al., 2012; Yang and Perry, 2013; Wang et al., 2019), the Mediterrean (Ahituv and Henry 2022), and eastern North America (Messner 2011).
Characteristics highlighted in our diagnostic key, however, will probably require revision once more genera are systematically analyzed. For example, the size, shape, and surface features of Poaceae starch are known to vary significantly among genera (e.g., Yang and Perry, 2013). It may be more important, therefore, to focus systematic surveys and identifications at the level of subfamilies or tribes in particularly diverse plant families.
Other intrinsic (genetic) and extrinsic (environmental) variables need to be analyzed with respect to starch granule characteristics and dynamics. Greater attention should be paid to sources of variation, particularly at the population level, and within large and diverse taxa, such as Poaceae. Furthermore, physiological variables, such as phenology, plant developmental stages, and seed maturation and fruit ripening processes should be addressed to understand how granule characteristics are affected. The taphonomy of starch granules and how that affects preservation, and ultimately the reliability of the identifications based upon subtle and microscopic characteristics, should be further assessed. However, this and many other studies to date continue to improve reliability of starch granule analysis in the understanding of plant foods in ancient human diets.
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The emergence of Neolithic societies was transformative, impacting many aspects of life, particularly diet. The process of Neolithization in Iberia is increasingly understood as the arrival of new people from the Central Mediterranean, who dispersed along the Iberian coasts introducing cereal production, herding, and Cardial pottery and associated material culture. Although research has clarified aspects of the cultigen-dominated economy of these new people, questions remain due to the limitations of conventional archaeobotanical and archaeozoological methods that tend to produce indirect evidence. The extent to which these early farmers adopted Mesolithic staples, which are often difficult to detect with other methods, remains unclear. Furthermore, questions surround the nature of methods of food preparation Cardial Neolithic people used when incorporating grains into their diet. In this study, we examined direct evidence of the diet from the Iberian Cardial Neolithic site of Cova Bonica (Vallirana, Baix Llobregat, Catalonia) using CN stable isotopes on bone and plant microremains trapped in dental calculus from six human individuals and associated fauna. Isotopes show a diet based on terrestrial C3 resources, with no isotopic evidence of aquatic or C4 resource consumption. Plant microremains (starches and phytoliths) provide evidence of cereal use, as well as of other plant foods. However, perhaps due to Bonica’s early farmers’ choice of grain variety, their grain processing methods, or due to specific dental calculus formation factors, the grain assemblages are rather limited and provide scarce information on food preparation.
Keywords: Neolithic, diet, stable isotopes, plant microremains, Western Mediterranean
1 INTRODUCTION
1.1 Combining stable isotope and plant microremain analysis for dietary studies
The study of stable isotopes on both bone collagen and plant microremains in dental calculus is useful for recovering information on past diets and has been used individually as a direct means to trace critical aspects of prehistoric populations such as dietary patterns. While carbon and nitrogen stable isotope analysis is a well-established and frequently used method to obtain information on average protein consumption (Lee-Thorp, 2008), the study of plant microremains on dental calculus to recover information on plant food consumption is still not as frequently used as the latter (Power et al., 2015); the combination of both proxies is even scarcer. However, by combining these two techniques, there is a potential for achieving a wider picture of dietary subsistence patterns during prehistoric times (Goude et al., 2019; Goude et al., 2020; Salazar-García et al., 2021).
Isotopic diet reconstruction is based on the principle that as animal and human tissue grows, it records the isotopic composition of the diet through predictable isotope fractionation (Schoeller, 1999). For this analysis, bone collagen is usually the preferred substrate because it is both the only considerable nitrogen source from skeletal remains (Salazar-García et al., 2014a) and has accepted quality indicators to assess its isotopic integrity (De Niro, 1985; Van Klinken, 1999). However, it is necessary to consider when interpreting results that stable isotope ratios from bone collagen reflect only the main dietary protein sources consumed several years prior to death (Hedges et al., 2007; Katzenberg, 2012) rather than that of a diet as a whole, especially for nitrogen (Ambrose and Norr, 1993) since carbon may be derived from other dietary macronutrients like sugars and fats (Howland et al., 2003; Jim et al., 2004).
On the other hand, dental calculus is an oral plaque mineralized by salivary calcium. During the accumulation process, dietary and environmental information from plant and animal foods, including starch grains, phytoliths, lipids, proteins, and DNA, can become trapped and embedded. Dietary remains retrieved from dental calculus are a useful additional source of information on human diet and behavior. Amongst dietary reconstruction methods, it is a helpful complement to other methods because it offers direct information on food consumed and substances that enter the mouth (Armitage 1975; Henry and Piperno 2008; Power et al., 2014; Warinner et al., 2014; Leonard et al., 2015; Power et al., 2015). In this sense, while isotope analysis gives a more quantitative approach on the origin of consumed protein, plant microremains on dental calculus give more qualitative data on specific foods consumed. Likewise, while stable isotope analysis gives long-term averaged dietary information on protein consumption (Lee-Thorp, 2008), plant microremains can give information on other types of consumed non-protein food resources, even if less frequently eaten (Leonard et al., 2015; Power et al., 2015). Therefore, combining these two techniques provides complementary information on past diets and should be implemented in dietary studies when possible (Salazar-García et al., 2021).
The application of these analytical techniques in Mediterranean Iberia is, however, unequal between them. While studies of stable isotopes have significantly increased during the past decade in prehistoric periods (Salazar-García et al., 2018) creating an important corpus of prehistoric dietary data from the Mesolithic onward in the region and its hinterland, plant microremain studies on dental calculus are almost non-existent. Isotope studies from the Mesolithic (García-Guixé et al., 2006; Fernández-López de Pablo et al., 2013; Salazar-García et al., 2014b), Neolithic–Chalcolithic (Fontanals-Coll et al., 2015, Fontanals-Coll et al., 2017; García-Borja et al., 2013; Gibaja et al., 2016; McClure et al., 2011; Salazar-García, 2009, Salazar-García, 2011, Salazar-García, 2014; Salazar-García et al., 2013, Salazar-García et al., 2016, Salazar-García et al., 2017; Villalba-Mouco et al., 2018a; Villalba-Mouco et al., 2018b; Villalba-Mouco et al., 2019), Bronze Age (McClure et al., 2011; García-Borja et al., 2013; Salazar-García et al., 2017), and Iron Age (Salazar-García et al., 2010) periods have been performed in Mediterranean Iberia. On the other hand, plant microremain studies on dental calculus have only been performed so far on one Paleolithic site (Salazar-García et al., 2013) and one Chalcolithic site (Power et al., 2014) in prehistoric Mediterranean Iberia.
1.2 The site studied: Cova Bonica
Cova Bonica (41°22′10.29″N, 1°53′38.64″E) is located in the vicinity of Vallirana, near Barcelona (northeast of the Iberian Peninsula). The site was discovered and first excavated in 1936; however, the archaeological artifacts were not published until the 70s (Baldellou, 1974). Current archaeological excavations are conducted by Grup de Recerca del Quaternari (Universitat de Barcelona) and produced genetic (Olalde et al., 2015) and archaeological data (Oms et al., 2017; Daura et al., 2019). Amongst the archaeological data published by Daura et al., 2019, macrobotanical evidence of diet from flotation consists only of the remains of Arbutus unedo charcoal, which produces edible fruits, and some taxa charcoal with aromatic and medicinal properties such as Laurus nobilis or Rosmarinus officinalis.
The cave consists of a principal chamber (SP) and two lateral chambers, one next to the entrance (SL1) and another in the inner area (SL2). The cave and sediments were partially destroyed by a sparry calcite mine, but intact Cardial infillings have been preserved in two separated layers: IV2 preserved in SP-Grao 1 and IV in SP (Figure 1).
[image: Figure 1]FIGURE 1 | Cova Bonica. (A) Location of Cova Bonica in the NE of the Iberian Peninsula. (B) Current view of the cave entrance and main areas. (C) Neolithic area excavated. (D) Plan of the site indicating the excavated area. (E) Stratigraphy of the site’s profiles (cave -a to d-, terrace -e-, and SL2 -f-).
The stratigraphic succession of Cova Bonica is complex and can be grouped into five episodes (1–5). Episodes 5 and 4 represent endokarstic deposits and a ceiling collapse with a restricted entrance and scarce archaeological materials. Episode 3 corresponds to the Cardial Neolithic horizon and is formed by layers IV and IV2. Layer IV is located in SL1, laying above the stalagmitic flowstone of layer V and contains a thermoaltered sediment labeled as EC1 and 14 post-holes, one of them yielding a radiocarbon age of 6,340 ± 34 BP. Layer IV contains scarce archaeological artifacts and human remains probably displaced from layer IV2; a sheep bone shows a14C age of 6,158 ± 32 BP, and one human individual shows an age of 6,395 ± 39 BP. Layer IV2 lies in a depression in the cave’s bedrock and between large collapsed speleothems and contains a minimum number of individuals (MNI) of 7 (ca. 315 bones): 6 individuals defined osteologically, and a seventh one defined by aDNA. The archaeological remains also include personal ornaments, lithics, bone tools, Cardial Neolithic pottery, faunal remains, and charcoal. Radiocarbon dating of the human remains recovered from layers IV and IV2 indicates a homogeneous assemblage and a short or synchronic time span for the deposition of the human corpses around ca. 6400 BP (5,470–5,320 ka cal. BP). Episode 2, recorded in several areas of the cave, represents archaeological occupation spanning from the late Neolithic to the Bronze Age.
2 MATERIALS AND METHODS
For this study, we analyzed for stable isotopes 12 faunal and 6 human remains and assessed 5 samples of human dental calculus, one sediment and two associated blank controls. Human and faunal remains analyzed in the present work were recovered during the 2008–2017 field seasons conducted by Grup de Recerca del Quaternari (University of Barcelona). Materials were previously identified and studied in the Guixera laboratory (Castelldefels City Council) (Figures 2, 3). Human remains were scattered and often it was not possible to associate elements (e.g., long bones, ribs, teeth) as pertaining to the same individual with certainty.
[image: Figure 2]FIGURE 2 | Faunal remains from layer IV2. (A) (Site # 3475) equid lower deciduous tooth (dp3). (B) (Site # 2969) brown bear metatarsal. (C) (Site # 3166) bovid calcaneum. (D) (Site # 3148) ovicaprid humerus. (E) (Site # 3147) ovicaprid humerus. (F) (Site # 2760) ovicaprid humerus. (G) (Site # 2444) bovid calcaneum. (H) (Site # 3167) ovicaprid humerus. (I) (Site # 2872) ovicaprid humerus. (J) (Site # 3279) ovicaprid humerus.
[image: Figure 3]FIGURE 3 | Human remains from layer IV2. (A) (Site # 3029) humerus. (B) (Site # 2996) humerus. (C) (Site # 3121) humerus. (D) (Site # 3066) frontal bone. (E) (Site # 3075) mandible. (F) (Site # 2517) scapula. (G) (Site # 2777) vertebra. (H) (Site # 2303) lower canine. (I) (Site # 2793) lower incisor. (J) (Site # 2595) upper premolar. (K) (Site # 3260) canine. (L) (Site # 3155) canine. (M) (Site # 2618) upper molar. (N) (Site # 2583) upper premolar. (O) (Site # 3334) upper incisor. (P) (Site # 2406) upper canine. (Q) (Site # 3439) premolar. (R) (Site # 3343) incisor. (S) (Site # 3158) upper incisor.
2.1 CN stable isotope analysis
Bone samples from 6 human individuals and 12 faunal specimens from five species were sampled from Cova Bonica’s Early Neolithic layer (IV2) (Table 1) to obtain information on their diet by carrying out C and N stable isotope ratio analysis. The consumption of C3 and C4 terrestrial resources is distinguishable by the δ13C stable isotope ratio (Van der Merwe and Vogel, 1978). Isotopic signals also help define the input in the diet of terrestrial and marine foods (Chisholm et al., 1982), although if freshwater or estuarine fish are involved, the interpretation of δ13C values becomes more complex (Salazar-García et al., 2014b). The δ15N stable isotope ratio increases by 3–5 ‰ up the food chain with each trophic level and is usually used to indicate the position of an organism in the food chain (Minagawa and Wada, 1984). Even if this quantification is less straightforward than previously thought (Hedges and Reynard, 2007), based on the exact values of the nitrogen ratio, it is potentially possible to differentiate between individuals that consumed more animal resources from those who consumed very little animal proteins (Fahy et al., 2013). Furthermore, the fact that aquatic food chains tend to contain more trophic levels than terrestrial ones, and therefore, show an increase in δ15N, helps to discriminate between the consumption of marine or C4 terrestrial foods when samples are 13C enriched (Schoeninger and DeNiro, 1984).
TABLE 1 | Cova Bonica δ13C and δ15N values from fauna and humans, human sex and age, chronology, collagen control indicators (yield, % C, % N, and C:N), S-UCT number, sampled bone, and archaeological context.
[image: Table 1]Prior to analysis, visible contaminants were removed with aluminum oxide powder abrasion. Methods outlined by Richards and Hedges (1999) were followed to extract collagen for the C and N isotope ratio analysis at the Stable Isotope Facilities of the University of Cape Town (Cape Town, South Africa). Whole bone fragments weighing ca. 300 mg obtained from each of the specimens were demineralized in a 0.5 M HCl solution at 5°C. They were then rinsed three times with deionized water until the pH became neutral and gelatinized over 48 h at 70°C before being filtered and ultra-filtered using 9-ml EZEE© filters to remove small particles (<8 μm) and >30 kDa Amicon© ultrafilters, respectively. Finally, the purified solutions were frozen and lyophilized before being weighed into tin capsules and loaded into mass spectrometers.
The resultant collagen product was combusted to N2 and CO2. The carbon and nitrogen isotope ratios in collagen were measured in duplicate (reproducibility better than 0.1 ‰) using a Finnigan Delta plus XP continuous-flow isotope ratio mass spectrometer (Thermo Fisher Scientific, United States) after being combusted in an elemental analyzer Flash EA 1112 interfaced with it (Thermo Fisher Scientific, United States), at the Isotope Facilities of the University of Cape Town (South Africa). Stable carbon isotope ratios were expressed relative to the VPDB scale (Vienna PeeDee Belemnite) and stable nitrogen isotope ratios were measured relative to the AIR scale (atmospheric N2), using the delta notation (δ) in parts per thousand (‰). Repeated analysis of internal and international standards (methionine, Merk Gelatin, Valine, and seal bone) determined an analytical error <0.1 ‰ (1σ) for δ13C and δ15N.
2.2 Dental calculus microremains
For samples prepared for this study, teeth were evaluated and sampled for dental calculus with a scalar in the field (Table 2). Samples were subsampled in the Department of Human Evolution at the Max Planck Institute for Evolutionary Anthropology (Leipzig, Germany). When possible, we sampled chunks of supragingival dental calculus by prying them off, rather than scraping off a powder but a significant number of samples were of powder. The samples were then processed in a Heraeus safety-controlled airflow cabinet at the labs of the Department of Primatology in the Max Planck Institute for Evolutionary Anthropology. We used EDTA to decalcify the sample (Power et al., 2015; Tromp et al., 2017).
TABLE 2 | Cova Bonica dental calculus samples taken for microremain microscopic analysis.
[image: Table 2]After the decalcification, the sample was rinsed twice with distilled water after centrifugation at 2,000×g for 10 min (Roth Mini-Centrifuge). Then, after the first decanting, the tubes were refilled with a 25% glycerin solution. Then we mounted 20 μL of the solution on a slide with an 18 × 18 mm or a 24 × 24 mm coverslip. During the preparation of samples, we prepared slides using an identical mounting procedure using 25% glycerin solution but without any dental calculus, to serve as a control blank to expose environmental contamination. We counted starches, phytoliths, and all other microremains irrespective of the type at 200–400x magnification using an absolute counting method with a light microscope under brightfield and cross-polarized light on an Axio Scope A1, Zeiss microscope with AxioVs40 V 4.8.2.0 software. Microremains were classified according to standard conventions (ICPN 2.0, Neumann et al., 2019).
3 RESULTS
3.1 CN stable isotope analysis
Samples from six humans and 12 faunal specimens from five different species (Ovis aries, Capra hircus— ovicaprid when not assigned to species taxon—, Bos taurus, equid, and Ursus arctos) were taken for stable isotope analysis. All samples yielded sufficient collagen in the >30 kDa fraction for the δ13C and δ15N analysis in duplicate. All of them met published collagen quality controls: appropriate CN elemental percentages together with C:N ratios between 2.9 and 3.6 (De Niro, 1985; Ambrose, 1990; Van Klinken, 1999). All isotope ratio results from Cova Bonica are given in Table 1 and shown in Figure 4.
[image: Figure 4]FIGURE 4 | Plot of human and animal bone collagen δ13C and δ15N values from Cova Bonica.
Analyzing the carbon values of the 11 terrestrial herbivores, it can be seen that their δ13C mean value is -20.1 ± 0.6 (1σ) ‰ and its minimum and maximum values are -21.0 ‰ and -19.1 ‰, respectively. This herbivore value is compatible with a typical C3 terrestrial ecosystem. Analyzing the nitrogen values, the herbivore mean δ15N value is 4.7 ± 0.9 (1σ) ‰ and has minimum and maximum values of 3.6 and 6.4 ‰, respectively, establishing the trophic baseline for human subsistence. The only available omnivore carbon value is -19.8 ‰, which is also consistent with the general herbivore values and a terrestrial C3 food ecosystem. The δ15N value of the omnivore specimen analyzed is 8.8 ‰, which is 4.1 ‰ higher than the herbivore mean value and situates the omnivore (Ursus arctos) almost one complete step higher than the herbivores in the food chain. Unfortunately, no aquatic resources are available for this site, and thus, the marine and freshwater-specific “baseline” is lacking for Cova Bonica.
All humans from the Early Neolithic period (n=6) have δ13C and δ15N mean values of −19.5 ± 0.2 (1σ) ‰ (min: −19.8 ‰ and max: −19.1 ‰) and 9.3 ± 0.9 (1σ) ‰ (min: 8.5 ‰ and max: 11.0 ‰), respectively. These δ13C values portray a diet based on terrestrial C3 resources, while the δ15N values place humans at almost one full trophic level over herbivores (4.6 ‰ higher) and only slightly higher than the one omnivore analyzed (0.5 ‰ higher). There is no isotopic evidence of marine protein consumption.
3.2 Microremain analysis
Microremains were limited in the control samples, and their assemblages were entirely composed of cellulose-type fibers. Plant remains were present in all the archaeological dental calculus samples (Table 2). They occur in significant numbers in most samples. Of the microremains, charcoal was the dominant group but starches and phytoliths were also common. Fibers, pollen, fungal spores, calcium oxalates, and a variety of other unknown particles were also present. Their abundance varied considerably between samples (Figure 5).
[image: Figure 5]FIGURE 5 | Micrographs of a selection of microremains. All scale bars represent 20 microns, (A) brightfield image of a lenticular starch in CB003, (B) cross-polarized image of the same starch, (C) brightfield image of faceted starch in CB003, (D) cross-polarized image of the same starch, (E) brightfield image of an eccentric starch in CB008, (F) cross-polarized image of the same starch, (G) trapezoidal (grass short-cell) phytolith in CB012, (H) elongate psilate thin phytolith, (I) indeterminate pollen from CB003, (J) charcoal particle in CB019, (K) broken probable non-human mammalian hair in CB003, and (L) plant fiber in CM003.
Phytoliths are well represented in the dental calculus samples, forming the most diverse category in the assemblage by occurring in five of the samples, totaling 23 phytoliths. Phytoliths from monocotyledon plants (wild grasses, domestic cereals, sedges, etc.) were the largest group, totaling 15 phytoliths (Table 3). Of these, Poaceae was dominant, comprising six phytoliths, present in five samples. A single Poaceae type was found in sediment (CB008). It cannot be determined if the assemblage is predominantly derived from the leaves/stems of wild or domestic. Grass short-cells (rondels and trapezoids) show grasses from the pooid subtribe which are consistent with, but not exclusive of, barleys and wheat (n =4). Spheroid ornate/echinate is present in two individuals. Eudicots are represented in only two samples and represent leafy matter.
TABLE 3 | Chart of total microremains. B samples represent controls. Eccentric starch variant 1: a slightly eccentric starch of variable sizes. Eccentric starch variant 2: a highly eccentric starch of variable sizes. Eccentric starch variant 3: an eccentric faceted starch over 20 microns in diameter.
[image: Table 3]Starches are widespread in the assemblages, being present in four dental calculus samples totaling six grains. They occur in small numbers (5 or fewer starch grains). In contrast, in sediment sample CB008, they occur in a large concentration. These in CB008 are largely comprised of a highly eccentric simple starch, sub-spherical sub-ovoid types, typically with a birefringence, representing a different origin than the dental calculus starches. Lenticular starch indicating Triticeae that could derive from cultivated wheat or barley was only found in CB003. Polyhedral-type starches also occurred in CB008, and a related form is found in CB019.
Pieces of combustion products are present in all five dental calculus samples, totaling 389. They include long thin pieces of charcoal, indicative of charred grasses, rather than wood or other materials (Crawford and Belcher, 2014). They also include unidentified combustion products and the largest category, nonspecific charcoal, which is probably mostly wood charcoal in origin.
A total of five grains of pollen were found in four samples. Grains of pollen could not be identified. Calcium oxalates (6) were found in CB002 and CB012. Fungal spores totaling 8 of an unknown family were found in three individuals. A non-silica plant vessel was found in CB008, but is non-diagnostic. A mixture of cellulose-type fibers is present in the samples, totaling 32, and 4 in the sediment samples. These included colored fibers dyed red and blue (Table 3). A probable mammalian hair, identified due to its birefringence, “surface scales,” and animal cell structure, was found in CB018. The medullar index indicates it is not human (Kshirsagar et al., 2009).
4 DISCUSSION
Stable isotope and plant microremain studies are commonly used for past human dietary reconstructions. Until now, only few isotopic data of material directly dated to the earlier stages of the Neolithic are available in Eastern Iberia, unlike what is observed in Western Iberia (Guiry et al., 2016). No information on the diet inferred from plant microremains from dental calculus is available from the Early Neolithic. However, the Early Neolithic is a key period for understanding the process of Neolithization in Iberia, including dietary patterns and ecology. Mediterranean Iberia is also characterized by the low presence of human remains from this period compared with other regions, which makes the data from this study on the site of Cova Bonica even more valuable.
Previous paleogenetic data obtained from Cova Bonica (Olalde et al., 2015) support the evidence that new migrant populations introduced farming into western and central Europe. The presence of Cardial pottery, as documented in Cova Bonica, shows that the northeastern Iberian Neolithic is linked to the Italian Peninsula. It is in these regions that we see the earliest Cardial pottery and ovicaprid husbandry (Tresset and Vigne 2007; Vigne 2007) together with wheat and barley (Zapata et al., 2004; Antolín et al., 2015). Accordingly, the archaeological record (stratigraphy, radiocarbon dating, and artifacts) along the Mediterranean shoreline suggests a maritime colonization process (Zilhão 2001) that bypassed geographic obstacles using enclaves to rapidly settle lands optimal for farming (Bernabéu et al., 2015) (Figure 6A). Further insights into dietary patterns from these earlier stages of the Neolithic can help clarify the subsistence strategies of these first farming societies in the region.
[image: Figure 6]FIGURE 6 | Cova Bonica in the context of regional settings. (A): Model predictions for the Neolithic expansion: leapfrog voyaging with jumps of about 350 km (Isern et al., 2017). (B–C): Digital elevation model (DEM) constructed using GIS version 3.24.2 and signaling current coastline (B) and neolithic shoreline (C). Neolithic shoreline has been established using data provided from the Cal Maurici site (Daura et al., 2016). (D–G): Jasper blades and flakes recovered at layer IV2 coming from Montjuic (Barcelona). (H–J): Marine ornaments recovered at layer IV2 elaborated from Columbella rustica (H), polished shell (I), and red coral (J).
The Early Neolithic individuals from Cova Bonica show a tight range of carbon isotope ratios, portraying a homogeneous protein diet based on C3 terrestrial resources. While this is not unexpected for a Neolithic population, what is surprising is that there is no isotopic evidence whatsoever of marine protein consumption by any of the individuals. Taking into consideration that Cova Bonica is only 12 km away from the coastline (Figures 6.B,C), there is evidence at the same layers of the site of ornaments crafted from marine resources (Figures 6.H–J), and that there is jasper from the coast as well on the site (Figures 6.D–G), this population was aware of the marine environment. Of course, that there is no isotopic evidence of marine consumption does not mean necessarily that they did not eat any sea resources but that, if they ate them, they did so in such low amounts as to not be indicated by the collagen signal of their bones.
Having discarded any marine signal from the δ13C values, the differences observed in the δ15N values (range 8.5–11.0 ‰) must be considered under another light. This difference cannot be, at this point, attributed to sex, as all human individuals are of indeterminate sex. However, the age of the different individuals analyzed should be considered, especially since four of the six total human individuals are not adults. As can be seen in Figure 3, the youngest individual analyzed (2.5–3 yo) is the one with the highest δ15N value (ca. 2 ‰ higher than the adults) as well as a slightly higher δ13C value. All other sub-adult individuals (ages ranging from 4–13 yo) have isotopic values similar to those of the adults analyzed. This pattern could suggest that at the age of 2.5–3 yo, the individuals were still breastfed and in the process of being weaned (Fogel et al., 1989; Fuller et al., 2006; Herring et al., 1998). Although the sample is small, there is scarce information about these social practices from Early Neolithic people which highlights the relevance of this finding.
For all individuals from 4 years old onward, nitrogen isotope ratios show that humans possess a higher trophic level than herbivores, but have similar δ15N values to the omnivore (brown bear). The archaeological record of Cova Bonica identified butchery activities mainly in adult ovicaprines, but also in other taxa, such as large bovids (Daura et al., 2019), demonstrating meat processing of domesticates. Moreover, the cave was used as a sheepfold indicating the relevance of husbandry practices for these individuals. All of this suggests that they consumed herbivore animal protein (possibly mainly ovicaprids), but also that they consumed plant foods (enough as to have similar values to the omnivore analyzed). While isotope analysis cannot shed further light on the type of plant resources consumed, the study of plant microremains trapped in dental calculus can.
The dental calculus assemblages show a distinct pattern that contrasts with the sparse remains in the control samples. This indicates the substantial integrity of the finds and that the microremains are archaeological with few phytoliths in the sediment sample. Poaceae is the dominant group of the assemblage, but counts are low relative to studies of many comparable grain-based economies (Scott et al., 2021). The only other Late prehistoric site from Mediterranean Iberia from which microremains from dental calculus have been studied is Camino del Molino (Murcia, Spain), although the site is from the Chalcolithic period (Power et al., 2014). The example of Camino del Molino does show a parallel with a relatively low-density assemblage missing expected morphotypes such as dendritics. At Camino del Molino, we do find some individuals with relatively higher numbers, as well as rare non-phytolith microremains such as sponge spicules and others. Given the purported grain-based Neolithic economy, the microremain counts in the Cova Bonica dental calculus are less than expected. They also lack unique husk types. The low Poaceae microremains count can be considered cryptic, but it could relate to limited cereal cultivation, free threshing versus non-free threshing varieties, or growing conditions that did not encourage phytolith formation in plant cells (Jenkins et al., 2011). Alternatively, it may be a product of specific grain processing methods that minimized phytolith intake.
There is evidence of eudicots, but they are rare and it is unclear if they had dietary significance. The occasional calcium oxalates we found may have also been derived from these eudicots, but they also could have originated from angiosperms. The starch assemblage is comparatively more numerous than the phytolith assemblage, but the non-dietary starches in CB008 drive this. Unidentified eccentric starches are predominant across the assemblage, representing plant storage organs, presumably from the C3 pathway. Triticeae starch occurs, reinforcing the data from phytoliths of cereal use. The rich presence of charcoal indicates close contact with fires (Hardy et al., 2012; Buckley et al., 2021). It is unclear how close this contact was and whether these particles represent airborne charcoal inhaled, water-carried charcoal that was drunk, or the consumption of charcoal-covered or other sources.
The Cova Bonica isotope values complement the picture that the isotope analysis has already portrayed for Mediterranean Iberia from the Mesolithic up to the Chalcolithic (Table 4). Especially useful for this are the Early Neolithic individuals, as only very few have been published before for this chronology in the region. As we can see in the table, the values from all chronological periods (Mesolithic, Early Neolithic, Middle Neolithic, Late Neolithic, and Chalcolithic) are partially overlapping. Regarding marine protein, Mesolithic hunter-gatherers show intermixed isotopic values whether from coastal or inland sites, which is expected from a population with high mobility through different environments. Examples of this are the inland sites of Santa Maira and Cingle del Mas Nou and the coastal site of El Collado, as previous studies from all three reported individuals with both a full terrestrial isotopic signature and others with enough marine protein consumption to have it recorded in the collagen isotopic signal. However, during the Early Neolithic, not even individuals from coastal sites have a clear marine isotopic signal. All Early Neolithic individuals from the region studied, whether from the coastal (Cova Bonica, Costamar, and Cueva de Nerja) or inland sites (Feixa del Moro), show a terrestrial isotopic signature. It is from the Middle Neolithic onward, and especially during the last stages of the Neolithic and the Chalcolithic periods, when people start to live in more stable settlements and we could consider that the amount of marine resource consumption is many times linked to the proximity to the sea rather than to chronology or archaeological culture. Suggestive of this pattern is that most individuals reported with marine protein input in the diet are from sites directly located on the coastline (e.g., Tossal de les Basses). This same diachronic pattern is observed even in individuals from different time periods of a single same coastal site, Costamar, where its Early Neolithic individuals have a full terrestrial isotopic signal while its Late Neolithic individuals show isotopic evidence of marine protein consumption.
TABLE 4 | List of all Mediterranean Iberia sites with published carbon and nitrogen isotopic ratio analysis on human bone collagen from the Mesolithic up to the Late Neolithic–Chalcolithic period. Only samples from human adults for which both C and N results are available which meet collagen quality controls have been considered here.
[image: Table 4]We must keep in mind that some of the differences observed between chronological periods and even sites of the same period could be due to non-dietary influences that modify the isotopic composition of resources consumed regardless of the resource type (i.e., factors that influence the food chain values themselves). For example, different environmental conditions between contemporary sites (e.g., coastal vs. inland; mountain vs. plain), or even between sites of a single geographic area but of different chronology, could have different isotopic food chain baselines (Goude and Fontugne, 2016). The use of complex husbandry practices and associated manuring in the region from the Late Neolithic onward could also influence crops, as well as domestic animals that feed on them, and, in turn, humans who consume the domestic crops or animals (Bogaard et al., 2007). Physiological traits of both the animals consumed (e.g. infantile vs adult specimens) and humans (age, nutritional status, and others), as well as the types of bones sampled (e.g., high vs. low collagen turnover skeletal elements), also influence the isotopic values obtained from human bone collagen. Some of these “non-dietary” influencing factors are difficult to assess, as the archaeological assemblages provide limited information. These issues caution us away from rigid quantified interpretations when interpreting isotopic studies applied to archaeological material.
CONCLUSION
The combination of stable isotopes and plant microremains trapped in dental calculus in Cova Bonica brings, for the first time, the combined direct evidence of the diet of these Early Neolithic farmers in the NE Mediterranean area. The human stable isotope analysis and plant microremains from the Cardial Neolithic of Cova Bonica document a diet based on terrestrial C3 resources. Although Cova Bonica is a mere 12 km from the current coastline, there is no isotopic evidence of marine protein consumption. The use of cereal and other plant foods is supported by plant microremains trapped in dental calculus.
The absence of marine and freshwater foods in the diet of Cova Bonica humans suggests that newcomers, at least initially, did not adapt to the fresh resources in the new land. In addition, the absence of a marine diet in people who moved through sea transport is, according to the coastal spread of the first farmers’ model, remarkable. Archaeological data from the early Neolithic suggest that farming people expand hand-in-hand with this “package:” pottery, domesticated plants, livestock, polished stones, and other archaeological materials. Thus, the Cova Bonica results support the notion that newcomers expanded bearing their own subsistence strategy, focused on terrestrial resources, such as husbandry of ovicaprines and domesticated plants, instead of exploring the alternatives that became available in new territories. This lifestyle is implemented in the regions that they arrived at with suitable lands (i.e., deltaic, estuarine, and lagoonal environments) for agriculture and animal husbandry.
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of pottery damage
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SH M14502  Painted 20 18 64 2 3 2 2 11 57
bottle
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Family Genus Species

Fagaceae Lithocarpus Lithocarpus cleistocarpus®
Fagaceae Quercus Quercus francheti®
Fagaceae Quercus Quercus oxyphylia®
Fagaceae Quercus Quercus variabilis®
Fagaceae Lithocarpus Lithocarpus litseifolus®
Fagaceae Cyclobalanopsis Cyclobalanopsis phanera®
Fagaceae Castanopsis Castanopsis fargesi®
Fagaceae Castanopsis Castanopsis platyacantha®
Fagaceae Cyclobalanopsis Cyclobalanopsis chapensis®
Fagaceae Quercus Quercus cocaiferoides®
Fagaceae Castanopsis Castanopsis sclerophylla®
Cycadaceae Cycas Cycas pectinata

Fagaceae Castanopsis Castanopsis hystrix*
Fagaceae Cyclobalanopsis Cyclobalanopsis glauca®
Fagaceae Cyclobalanopsis Cyclobalanopsis gambleana®
Paimae Caryota Caryota obtusa
Cycadaceae Cycas Cycas panzhihuaensis
Palmae Arenga Arenga westerhoutii (white)*
Palmae Arenga Arenga westerhoutii (red)®
Fagaceae Fagus Fagus sylvatica®

Fagaceae Lithocarpus Lithocarpus chrysocomus®
Fagaceae Castanopsis Castanopsis fleury
Fagaceae Castanopsis Castanopsis kweichowensis®
Fagaceae Fagus Fagus crenata®

Fagaceae Fagus Fagus engleriana®
Fagaceae Fagus Fagus grandifolia®
Fagaceae Fagus Fagus longipetiolata®
Fagaceae Fagus Fagus longipetiolata®
Fagaceae Fagus Fagus lucica®

Fagaceae Fagus Fagus orientalis®

Fagaceae Lithocarpus Lithocarpus balansae®
Fagaceae Lithocarpus Lithocarpus comeus®
Fagaceae Lithocarpus Lithocarpus fohaiensis®
Fagaceae Quercus Quercus semecarpifolia”

Provided by Herbarium, Kunming Institute of Botany, CAS.
“Collected in the field with CAS, botanists.
“proviced by Herbarium, Institute of Botany, CAS.

Granules Size

Length Range/um

5.91-15.61
5.13-24.93
5.07-21.58
5.07-21.17
5.54-17.69
6.84-19.88
6.6-19.5
8.3-19.2
6.29-20.83
5.01-28.46
6.5-22.1
5.3-30.3
6.1-28.7
7.63-22.48
7.69-24.88
8.0-47.3
11.2-37.0
7.4-52.0
11.7-65.8
<5
15.89

Mean Length/um

92x19
100 £33
10.1 £3.0
102 +27
105£23
11.5£25
120+£22
125+20
129+25
130+38
132 +30
14.1+48
14341
14.6+26
14736
18.1£82
206 +4.9
264+ 113
295+ 11.3

Median

87

9.4

95

99

99

1.0
120
123
127
12.7
13.1
136
14.4
146
14.7
15.4
202
248
273

Granule Count

135
m
107
116
100
110
101
113
17
121
101
112
105
122
110
105
113
100
116
>6

coooocooooocooo

Two landiraces of guanglang paim flour were purchased from Longzhou, Guangxi. Red flour is extracted from guanglang paim trees over 10 m in height, which have low starch content,

while white flour comes from high-yielding treee that grow o around five to 6.m fall.
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Asymptotic significance (2-sided tests) is displayed. The significance level is 0.05.
Significance values are adjusted by the Bonferroni correction for multiple tests.

P < 0.05 suggest that the two species have statistically significant differences in size
o
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Starch taxon Count (sed 1) Count (sed I1f) SVM model accuracy (%) Sed Ill sample
Confidence
Amorphophallus virosus 0 131 93.18
Acorus tatarinowii 0 10 91.43
Bolbostemma paniculatum 0 1 100 WezKly Positive
Castanea mollssima 0 6 97.22 Postive
Canavalia gladlata 0 21 91.18 Posiive
Meranta arundinacea 0 125 975 Positive
Menihot esculenta 0 14 925 Postive
Nelumbo nucifera (roof) [ 19 93.94 Postive
Panicum milaceum 0 2 100 Weakly Positive
Pinelia temnata 13 1 100 Negative
Polygonatum sibiricum 0 1 100 Weakly Positive
Pueraria lobata 0 5 100 Weakly Positive
Sagittaria trfofa 0 89 100 Postive
Saururus chinensis 0 7 % Positive
Setaria italica (72-h soak) [ 3 96.88 Weakly Positive
Trapa bispinosa 0 2 100 Weakly Positive
Vigna umbellata 0 5 90.91 Weakly Positive
Vicia faba 2 0 100 Negative
Zizania aquatica (seed) [ 23 100 Postive
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Starch
taxon

Castanea molissima
Pueraria lobata

Trapa bispinosa

Maranta arundinacea
Saururus chinensis

Zizania aquatica (seed)
Polygonatum sibiricum
Setara italica

Panicum millaceum
Sagittaria trfolia
Bolbostemma paniculatum

Total

A01

a0

12

A02

125

126

A03

T02-03

23

89

13

Total

)

~p oo
&

23

@ =

89

264

%

2.27
1.89
0.76
47.35
2.65
8.71
0.38
1.14
0.76
33.71
0.38

100

Remarks

Wild
Wild
Wild
Wild
Wild
Wild
Wild
Domesticated
Domesticated
Wild
Wild
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Specimen Type

Human teeth
Shell artifacts
Bone artifacts
Stone artifacts.
Total

Sediment | Sediment Il Sediment Il Total
Starch Phytolith Starch Phytolith Starch Phytolith Starch Phytolith
\ L \ % 178 235 178 235
\ \ 2 0 315 461 317 461
0 0 3 9 18 20 21 29
32 3 142 48 197 100 37 151
32 3 147 57 708 816 887 876
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Lab code

BA170230
BA192710
BA170249
BA190411
BA190424
BA190402
BA190436
BA190403
BA190437
BA190389

Context no

H1
TN22E39@
H20
TN32E37®
F21
TN30E34®
H127
TN30E34®
H135
H166

Dated Material

Foxtail millet
Broomcomn millet
Rice

Broomeomn millet
Broomecom millet
Broomecom millet
Broomecom millet
Foxtail millet
Broomeom millet
Rice

Uncalibrated
4C Date (BP)

4,480 + 40
4,455 + 45
4,365 + 25
4,205 + 25
4,085 + 20
4,045 + 25
3,885 + 25
3,770 + 35
3,635 + 30
3,505 + 25

Calibrated Dates (20)

5,300-4,975
5,290-4,883
5,030-4,856
4,845-4,626
4,787-4,442
4,612-4,421
4,413-4,239
4,245-3,988
4,081-3,849
3,847-3,693
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Cultural phase

1

Age (vears BP)

ca. 10,000

ca. 8,000

ca. 7,000

ca. 6,000

Plant Taxa

Castanea ollssima
Pueraria lobata
Trapa bispinosa

Maranta arundinacea?
Saururus chinensis
Zizania aquatica
Polygonatum sibiricum
Sagittaria trifolia

Saururus chinensis
Zizania aquatica
Polygonatum sibiricum
Sagittaria trifolia
Panicum miliaceum

Panicum miliaceum
Bolbostemma
paniculatum
Setaria italica

Edible Portion

Nut
Root
Fruit

Tuber
Root
Seed
Tuber
Corm

Root
Seed
Tuber
Corm
Seed

Seed
Tuber
Tuber
Seed

Remarks

Wild
Wild
Wild

Wild
Wild
Wild
Wild
Wild

Wild
Wild
Wild
Wild
Cultivated?

Cultivated?
Wild
Wild
Cultivated?
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Tool

Field
Number

Tool

The Ha Long Phase (4,500-4,000 years BF)

1
2

3

co~o

10

86.CB H1 () 24
86 CB H1

Iy M21

86.CB Ha (1)
a7 M21

86 CB H1 (1)

50 M21

86 CB H2 (I)
38 M2t

7308 H3 (4) 82
73CB H4 (2) 17
86CB 10 (1) M21
73CBH1 (7) 2

86 CB H1 () 40

Grinding stone
Grinding stone

Grinding stone
Grinding stone
Muller/Pounder

Muller/Pounder
Pitted stone

Pitted stone

Stone tool with “*Ha.
Long Mark"
Scraper

The Cai Beo Phase (7,000-5,000 years BP)

1
12

13
14
15
16
17
18
19
20
21
22
Total

Total %

73CBH1 (12)81
73CB H2

(11 104
73CBH3 (6143
86CB H1 () 12
86CB H1 ()

16 M21

8608 H1

16-2 M21
73CB H2
(11115

86 CB H2 ()
5M21
73CBH3 (6106
73CBH3 (6152
86CB H2 () 6
86CB H2 () 18
13

5%

Grinding stone
Grinding stone

Grinding stone
Grinding stone
Grinding stone

Grinding stone
Muller/Pounder
Muller/Pounder
Pitted stone
Pointed stone
Pointed stone

Scraper
722

Starch Type
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a b e Wa Wb llc Nd e Wa Wb Wc Id Va Wb
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24 18 32 6

2 1 3 1

5 17 2 1 2

1" L] 9 1

% 2 5 18 8 3 21 14 2

& 51 10 19 2 7 29 13 2 i
0 7B 4 73 4

13 49 10 3 % 2 17 5 1

12 14 6 1 2

3 2 12 2 7 12 716 1 3 2

1“5 3 15 1 9 7 6 6 1

61 41 3 2 6 10 B/ 15 2 11
2 413 22 1 1

M2 46 8 2 4 3

B 4 67 3 2 1 2 1

21 9 5 10 4 4 4 4
1 T 15 8 12 1

27 15 6 4 13 9 5

21 3 10 1 1 1 4 2

6 58 54 1 1

3t 16 17
468 487 121 3 41 49 145 86 11 12 " 6
32.04% 11.61% 068% 027% 037% 0.05% 100%





OPS/images/feart-10-881104/feart-10-881104-g008.gif





OPS/images/feart-10-881104/feart-10-881104-g007.gif
LA





OPS/images/feart-10-881104/feart-10-881104-g006.gif





OPS/images/feart-10-881104/feart-10-881104-g005.gif





OPS/images/feart-10-881104/feart-10-881104-g004.gif





OPS/images/feart-10-885837/feart-10-885837-g003.gif
.. ..

- i
- -
ki 1~ I i
o il -

270641 mUbiquly CreI0) % roponions Co-17698)  wibiquty (ne53)

Late Yangshao period Longshan period





OPS/images/cover.jpg
& frontiers | Research Topics

Ancient starch remains
and prehistoric human
subsistence






OPS/images/feart-10-886512/feart-10-886512-t002.jpg
Solution

mix
mix
mix
potato
wheat

Starch

potato
wheat
both

potato
wheat

small (%)

18,838,400 (69.7%)
18,838,400 (64.9%)
123,733 (4.1%)
16,139,467 (63.5%)

Medium (%)

1,061,733 (63.1%)
6,408,200 (23.7%)
7,454,933 (25.7%)
1,337,867 (44.4%)
6,434,133 (25.3%)

Large (%)

928,000 (46.9%)

1,794,133 (6.6%)

2,722,133 (9.4%)

1,554,400 (61.5%)
2,830,400 (11.1%)

Total (%)

1,979,733 (100.0%)
27,035,733 (100.0%)
29,015,467 (100.0%)
3,016,000 (100.0%)
25,404,000 (100.0%)
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Treatment

control
mix
potato
wheat

Mean

5.44
428
6.25
5.63

SD

245
1.95
207
3.45

Min

1.67
1.50
254
0.56

Max

11.20
8.44
8.92
9.80
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Occupation

Sector

Context of samples

No. of samples

Volume (itres)

Cultigens
Setaria italica
Panicum miliaceum
Oryza sativa,grains
Oryza sativa,spikelets
Glycine max
Triticum aestivum

Weedy plants
Melilotus sp
Lespedeza bicolor
Medicago sativa
Glycine soja
Digitaria sp
Setaria sp
Avena fatua
Tragus berteronianus
Eleusine indica
Echinochioa sp
Perilla sp
Amethystea caerulea
Polygonum aviculare
Rumex acetosa
Polygonum lapathifolium
Polygonum strigosum
Polygonum maackianum
Polygonum orientale
Chenopodium sp
Thiadliantha dubia
Scipus validus
Scipus juncoides
Galum aparine
Acalypha australis
Erodicm stephaniancm
Girardinia suborbiculata
Cryptotaenia japonica
Vitex negundo
Arisaema. sp
Corydalis bungeana
Kalopanax septemiobus
Patrinia sp

Fleshy fruits and nuts
Ziziphus sp
Diospyros sp
Chaenomeles sp
Unidentifiable nutshell
Unidentifiable
Total seeds
Seed Density (no./ter)

Yangshao

Suyang
Pits
10
120

23,322
170
2,589
1746
37

Suyang
Pits
18
3705

1783
61
6,461

Xiacun
Pits
o
4435

7,904
101
404

| ©

3

~

Longshan

Xiacun
Trenches
7
118

523
12
167
7
9

o

829
7.03

Xiacun
Cultural levels
1
12

132
1
8

154
128

63
1,064

33,664
345
9,629
1850
73

N

segvdve~RR

“nw

)

N R L R T S ey oy

12
1,120
47,081
44.25
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Lab no. Feature no. Material Period Radiocarbon date, BP Calibrated date

(BC/AD, 20)
GZ8848 SHi5 Foxtal millet Late Yangshao 4310 £20 2,917-2,899
GZ8849 SHi8 Foxtail millet Late Yangshao 4310£35 2,930-2,889
GZ884T SH16 Rice Late Yangshao 4,165 £ 20 2,811-2,747
GZ8860 XH7 Broomcom millet Longshan 4,145 £ 25 2,760-2,665
GZ8858 XH11 Foxtail millet Longshan 4,145 £ 30 2,762-2,663
GZ8856 XG1-48 Foxtail millet Longshan 4,045 £ 25 2,533-2,494
68855 XG1-31 Rice Longshan 3880 +25 2,454-2,418
GZ88351 SH52 Rice Longshan 3,900 + 20 2,381-2,348
GZ8859 XHO Foxtail millet Longshan 3,745 £ 20 2,200-2,158
Gz88s4 XG1-11 Foxtal millet Longshan 3,605 + 25 1980-1926
Gz8861 XHe7 Foxtail millet Longshan 3610+20 19801939
GZ8862 XH39 Foxtail millet Longshan 3,615 +30 1985-1939

GZ8853 H34 Wheat Longshan -5,160 + 15 1963AD
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Site

Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Jingtoushan
Hemudu
Hemudu
Hemudu
Hemudu
Hemudu
Hemudu
Yushan
Yushan
Yushan
Yushan
Yushan
Yushan
Yushan
Yushan
Yushan
Xiawangdu
Xiawangdu
Xiawangdu
Xiawangdu
Xiawangdu
Xiawangdu
Xiawangdu
Xiawangdu

“Plant indicates fragments of unidentifiable plant that has not been fully charred.

Depth (cm)

812
846
866
886
906
857
870
887
820-870
870-920
870-920
172
227
260
275
335
484
65-70
100-105
125-130
150-155
180-185
216-220
230-235
245-250
260-265
40-35
60-55
80-75
115-110
140-135
150-145
160-156
175-165

Lab code

Betad12378
Betad12377
Betad12376
Betad12375
Beta412374
PLD26540
PLD26541
PLD26542
BA140472
BA140473
BA140474
UGa32508
Betad56259
UGa32509
Betad56260
UGa32510
UGa32511
BA151803
BA151804
BA151805
BA151806
BA151807
BA151808
BA151809
BA151810
BA151811
UGa32514
UGa38688
UGa32515
UGa38687
UGa32516
UGa38686
UGa32517
UGa38685

Material

Plant®
Charcoal
Charcoal
Plant®
Charcoal
Fruit
Seed
Wood
Acom
Charcoal
Acom
Charcoal
Wood
Charcoal
Wood
Charcoal
Charcoal
Plant®
Seed
Seed
Seed

Seed

Seed
Seed
Charcoal
Rice seed
Rice seed
Rice seed
Rice seed
Rice seed
Rice seed
Rice seed

*C age
(aBP, +10)

7,150 + 30
7,180 + 30
7,210 £ 30
7,150 + 30
7,180 £ 30
7,130 £ 25
7,130 £25
7216 £ 25
6,820 = 30
6,995 + 30
7,060 + 30
5,850 + 35
6,070 + 30
6,190 + 30
6,010 £ 30
6,200 + 30
6,520 + 30
4,040 £ 30
4,365 £ 25
4,300 £ 25
4,525 + 25
4,785 £ 25
5,495 + 25
5,665 + 25
5,860 + 25
6,225 £ 25
4,420 + 30
4,460 + 20
4,570 + 30
4,650 + 20
5,100 + 30
4,760 + 20
4,850 + 30
5,070 + 20

Calibrated age
(a BP, 20)

8,019-7,877
8,025-7,939
8,165-7,942
8,019-7,877
8,025-7,939
8,011-7,874
8,011-7,874
8,165-7,958
7,695-7,584
7,982-7,736
7,961-7,799
6,747-6,557
7,150-6,798
7,235-6,988
6,943-6,749
7,241-6,995
7,506-7,330
4,612-4,418
5,030-4,856
4,959-4,830
5,310-5,051
5,585-5,475
6,391-6,211
6,500-6,352
6,745-6,568
7,250-7,010
5,271-4,870
5,281-4,975
5,442-5,063
5,463-6,315
5,920-5,747
5,583-5,467
5,654-5,479
5,902-6,746

Reference

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

He et al. (20200)
He et al. (2020b)
He et al. (20200)
He et al. (2020b)
He et al. (20200)
He et al. (2020b)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2018)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
He et al. (2020a)
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Sample ID

T2250-4
T2250-3
T2250-2
T2250-1
T1215-1
T1215-2
T1215-3

Depth
(cm)

62
116
173
200
168
204
228

U (ppm)

3.02+0.12
2941012
3.64+0.15
5.27 %021
3.60+0.14
3.08 + 0.12
3211013

Th (ppm)

14.20 + 0.57
14.00 + 0.56
12.50 + 0.50
15.60 + 0.62
14.60 + 0.58
15.00 + 0.60
14.10 + 0.56

1.32+0.03
1.33 £ 0.05
119+ 0.05
1.67 + 0.07
1.21£0.05
1.44 + 0.06
1.36 + 0.05

Water
content
(%, measured,
saturated)

205 (15, 28)
20 +5(20, 27)
30+ 5 (22, 36)
30+ 5(25,38)
305 (18, 39)
351+ 5 (36, 51)
40 + 5 (33, 45)

Dose
rate
(Gy/ka)

27201
2701
2401
3201
2501
25+01
2301

D. (Gy)

35+01
65+£02
98+03
13.1£06
123+03
178404
172+ 05

Age (a)

1,300 + 100
2,500 + 100
4,200 + 200
4,100 + 200
5,000 + 200
7,200 + 300
7,500 + 300
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Code of Sample Sample material  'C date (BP) Calibrated dates (BC)

laboratory provenance dated 10 (68.2%) 20 (95.4%)
ZK-2185 @ bone 6,350£110  5,467-5,402 (0.26) 5,517-5,046 (1)
5,388-5,225 (0.74)
ZK-2184 @ bone 6,260+90 5,322-5,201 (0.61)  5,466-5,434 (0.03) 5,429-5,405 (0.02) 5,385-4,998 (0.95)

5,175-5,071

(0.39)
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Acquired resources

Datrana

Cultivated: —

Gathered: underground storage organs (USOs)

Traded: small millets, Job’s tears, barley (and wheat?), pulses and ginger
Loteshwar

Cultivated: browntop millet, Setaria spp., other small millets, Job's tears,
horsegram and sesame

Gathered: Egyptian crowfoot grass and USOs

Traded: wheat (and barley?)

Shikarpur

Cultivated: browntop millet, Setaria spp., Job's tears and Vigna sp.
Gathered: USOs

Traded: barley (and wheat?), rice and ginger

Ground resources

Small millets, Job’s tears, wheat/barley,
pulses and USOs (incl. ginger)

Small millets, Job’s tears, wheat/barley,
Egyptian crowfoot grass, pulses and USOs

Small millets, Job’s tears, wheat/barley,
pulses and USOs

Cooked resources

Small millets, wheat/barley and USOs
(incl. ginger)

Job’s tears and pulses

Wheat/barley, pulses and USOs (incl.
ginger)

Comparison of macroscopic remains of cultivated, gathered and traded edible plants most commonly recovered from archeological sediments (acquired resources),
starch grains recovered from grinding stones (ground resources) and starch grains recovered from pottery vessels (cooked resources). Most common plant resources in

each category are highlighted in bold.
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Site

Datrana

Loteshwar

Shikarpur

Chronology of the
analyzed samples

c. 3300-3000 BC

©. 2700-2300 BC

©. 2200-2000 BC

Site description

Dune occupied by
agro-pastoral groups
focused on the
production of lithic:
blades

Dune seasonally
occupied by
semi-nomadic
agro-pastoral groups
Fortified rural
settlement

Ceramics

Mostly pre-prabhas,
very lttle Early
Harappan Sindh and
Anarta

Mostly Anarta, very little
Harappan

Mostly Classical and
Sorath Harappan,
some Anarta

Lithics

Tools and debitage,
mostly made of
chalcedony, some
Rohri chert blades,
grinding tools

Tools and debitage,
mostly made of
chalcedony and chert,
grinding tools

Chert blades and cores
(including Rohri chert),
grinding tools

Other material
culture

Carnelian beads

Terracotta, shell and
copper objects, steatite
and semi-precious
stone beads
Terracotta, shell and
copper objects, steatite
and semi-precious
stone beads

References

Ajithprasad, 2002,
2011; Gadekar et al.,
2013; Rajesh et al.,
2013b; Garcia-Granero
etal, 2017a

Rajesh et al., 2013a;
Gadekar et al., 2014a;
Garcla-Granero et al.,
2016

Bhan and Ajthprasad,
2009; Gadekar et al.,
2014b; Chase et al.,
2020
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Molecular evidence GC-c-IRMS Starch grains

Lipid conc. (n g/g) P/Sratio 8'3CCy.0 8713CCyg.0 A 13C(Cyg:0-C1e:0) Smallmillets Job’s tears Wheat/barley Pulses Ginger USO (other) UNID starch

Datrana

DTR101 130.4 0.8 -28.3 -25.8 2.5 0 0 0 0 0 0 0
DTR104 107.5 0.9 -29.6 -29.0 0.6 0 0 0 0 0 0 0
DTR105 43.0 1.1 -25.4 -28.1 —2.7 0 0 2 0 0 0 1
DTR106 67.0 0.7 -25.0 -23.5 15 0 0 0 0 0 0 0
DTR107 417 0.9 -29.7 -28.5 1.2 0 0 0 0 0 0 0
DTR109 174 0.8 -30.2 -29.8 0.4 0 0 0 0 0 0 0
DTR113 30.0 1.4 -30.0 -29.6 0.3 0 0 1 0 0 0 0
DTR115 9.2 0.9 -29.8 -29.6 0.2 0 0 0 0 0 0 0
DTR116 4.6 - - - - 0 0 256 0 0 0 0
DTR117 94.8 0.9 -30.0 -29.8 0.2 0 0 0 0 0 0 0
DTR120 27.9 1.2 -24.5 -26.0 —-15 1 0 0 0 1 0 1
Total Datrana - — - - - - 1 0 259 0 1 0 2
Ubiquity Datrana - = - - - - 9% 0% 27% 0% 9% 0% 18%
Loteshwar

011109/4 34.6 0.9 -28.2 -27.5 0.7 0 1 0 0 0 0 0
021109/2 52.4 sl -28.5 -29.0 —-0.5 0 0 0 4 0 0 2
021109/8 12.8 1.0 -30.3 -29.6 0.7 0 0 0 0 0 0 0
031109/11 130.6 0.9 -30.1 -29.5 0.6 0 1 0 0 0 0 0
071109/19 60.3 0.9 -30.2 -29.7 0.5 0 0 0 0 0 0 0
071109/20 42.8 1.0 -28.4 —29.1 -0.7 0 0 0 4 0 0 0
Total Loteshwar - — - - - - 0 2 0 8 0 0 2
Ubiquity Loteshwar - = - - - - 0% 33% 0% 33% 0% 0% 17%
Shikarpur

240112/23 99.2 0.9 -29.9 -29.5 0.4 0 0 1 0 0 0 0
240112/29 97.7 0.9 -26.9 -28.5 —-1.6 0 0 0 2 0 0 0
250112/8 12.8 1.0 -30.5 -29.8 0.7 0 0 0 0 0 1 0
270112/8 86.1 0.9 -30.2 -29.6 0.6 0 0 0 0 0 0 0
010212/16 339.1 1.0 -26.3 -28.0 —-1.8 0 0 0 0 0 0 0
010212/19 79.8 0.9 -26.6 -27.8 -1.2 0 0 0 1 0 0 0
020212/9 52.2 0.9 -29.9 -29.5 0.3 0 0 0 0 0 0 0
050212/12 449 0.9 -29.4 -29.3 0.1 0 0 0 1 0 0 0
050212/8 25.4 1.0 -27.2 -29.9 —-27 0 0 0 7 1 0 0
070212/12 139.1 0.9 -30.3 -29.6 0.7 0 0 0 0 0 0 1
090212/7 135.1 0.7 -26.6 -23.5 3.2 0 0 0 0 0 0 0
Total Shikarpur - — - - - - 0 0 1 11 1 1 1
Ubiquity Shikarpur - = - - - - 0% 0% 9% 36% 9% 9% 9%

The description of the features used to taxonomically identify starch grains can be found in Table 3.
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Taxonomy No Shape Size (. m)

Mean (SD) Range Nm
Paniceae (small millets) 1 Polyhedral 7,851 - 1
Andropogoneae (Job’s tears) 2 Polyhedral 18,734 (1,699) 17,633-19,936 2
Hordeeae Type A (wheat/barley) 24 Rounded/ovate, discoidal 23,552 (3,193) 17,942-26,666 74
Hordeeae Type B (wheat/barley) 239* Rounded, spherical 6,302 (1,743) 3,779-7,785 4
Faboideae (pulses) 19 Ovate, ovoid 22,797 (8,049) 10,907-36,994 17
Zingiber sp. (ginger) 2 Ovate, discoidal 23,653 (6,339) 19,171-28,136 2
Unidentified underground storage organ il Globose Broken, not measured = =
Unknown | Ovate, ovoid 14,305 - 1
Damaged unidentified 1 - Broken, not measured - -

*This morphotype occurs in numerous plants and therefore was only assigned to wheat/barley when found in association with Hordeeae Type A starch grains (e.g.,
Figure 3C). No = number of observed starch grains. Nm = number of measured starch grains.
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Morphological characteristic

Size
Shape (2-D)

Hilum position

Central cavity
Extinction cross

Fissures

Lamellae
Pressure facets
Depressions

Description

Maximum length through the hilum. Smal (1-10 pm), medium (11-24 um), and large (>25 um)
Circular-oval: appearing ciroutar, rounded, and/or somewhat elongated

Trapezoidal-triangular: either clearly trapezoidl (four-sided with two sides paralel) or somewhere in between trapezoidal
and triangular (having three sides) with rounded comers

Imegular: geometrically uneven margins

Angular: having acute angles along margins

Elongated: lanceolate to conical, rod-shaped

The point from which the layers of a starch granule forms

Centric: within the geometric center of the granule

Slightly eccentric: slightly off from the center of the granule

Eccentric: well outside the center of the granule, at the proximal end

A surface depression or open area centered around the: hilum; could be oblong or round

Caused by optical interference of thelayers of starch, the cross s only visible in cross-polarized light; An indistinct cross lacks
clarity. A confused cross is distorted from a straight X form

Cracks originating from the hilum of the granule

Transverse-Stellate: extending at  right angle to the long axis of granule and/or star-shaped

Longitudinal: extending along the long axis of the granule

Mesial longitudinal cleft: large, deep, clean-cut crack, running through the midde of the long axis

Concentric growth rings; Lamellae can be lamelated (clearly visible) or non-lamellated (not visible)

Indentations caused by the formation of compound granules

Small, subtle indentations that may or may not be the result of compound granule formation
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Family

Amaranthaceae
Apiaceae

Fagaceae

Liliaceae

Pinaceae

Poaceae

Solanaceae

Species

Chenopodium beriandieri
Cymopterus bulbosus
Lomatium donnelli
Lomatium macrocarpum
Lomatium triternatum
Quercus agrifolia
Quercus douglasi
Quercus lobata
Calochortus nuttalli
Erythronium grandfiorum
Fritleria pudica

Pinus eduis

Pinus monophylla
Achnatherum hymenoides
Sporobolus airoides
Elymus elymoides

Zea mays

Solanum jamesii

Plant tissue

seed/fruit
taproot

acorn

bulb

seed

endosperm

tuber
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Phytolith
morphotype

Silica skeletons

n-type

Undetermined
Paniceae

Elongate
dendriform

Elongate
echinate

Elongate
crenate

Elongate
columellate

Scooped
bilobate parallel

Elongate
psilate/sinuate
Opaque
perforated
platelets
Stoma sheet
Jigsaw

Undetermined
multi-cell

Taxonomic
attribution
(likely)

P miliacaeum
husk
Paniceae husk
Pooideae husk
Grass husk
Grass husk
Grass husk
Oryzoideae
Grass leaf/

culm
Asteraceae

Single-cell phytolith

Double-peak
Oryza type
bulliform

Scooped
bilobate

Bilobate
Polylobate

Cross/quadra-
lobate

Rondel

Common
bulliform

Elongate
dendriform

Elongate
psilate/sinuate

Trichome
Hair cell
Total

Oryza husk
Oryza leaf

Oryzoideae

Poaceae
Poaceae
Poaceae

Poaceae
Poaceae

Pooideae husk

Grass leaf/culm

Eudicots

16

1

17

103

2

12
22

3

4
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25

i
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2

59

15

95

3
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4
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103

Residue samples

5

29

55

Vat Jar Jar Jar Jar Jar He He Pit He Pit He Pit He Pit Gui Pit Gui Pit Gui Pit
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1

24

Jue
Cup1

4

Jue
Cup2

25

55

iR

120

Total n

241

42
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30

16
30

754

Total
%

0.3

0.1

0.8

0.7

1.1

0.5

1.2

32.3

5.6

0.8

0.8
3.5

16.7
0.5

2.0

1.8
0.1
4.0

2.1
4.0

0.1

7.4

0.5
2.9
100.0

Ubiq

16

Control samples

.n Ubiq. Kecao- He He

%

31.3

87.5

50.0

25.0

12.5
56.3

43.8
18.8

25.0

68.8
6.3
62.5

31.3
37.5

6.3

81.3

12.5
56.3
100.0

pen Pit4-  Pit5-
basin Ext Ext

19 3 15

60 8 28
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Hypha
Mycelium
Cleistothecium
Sporangia
(UNID)
Sporangia with
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Mold total
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Fungi total

Vat
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Jar

Jar
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55

Jar

Jar
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Gui
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Gui
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Gui
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Jue Jue
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5

13 1
1

3

26 6

26 6

Total n

41
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102

177
26
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Total
%

20.2
5.4
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3.4
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12.8
100.0

Ubiq. n

10

13
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Vessel #

Vat

Jar1

Jar2

Jar3

Jard

Jarb

He Pitcher1
He Pitcher2
He Pitcher3
He Pitcher4
He Pitcherb
Gui Pitcher1
Gui Pitcher2
Gui Pitcher3
Jue Cup1
Jue Cup2
Grooved basin

Vessel type

Dakouzun

Zun
Zun
Zun
Zun
Zun
He
He
He
He
He
Gui
Gui
Gui
Jue
Jue

Kecaopen

Sample #

POT27
POT26
POT28
POT29
POT40
POT25
POT8
POT10
POT33
POT35
POT36
POT12
POT6
POT7
POTH
POT34
POT32

Element

Body
Body
Base
Body
Body
Base
Spout
Foot

Body
Spout
Foot

Foot

Body
Base

Body
Spout
Body

Clay color

Gray
White
Gray
Gray
Gray
White
White
White
White
White
Gray
White
White
White-brown
White
White
Gray

Artifact #

2003T35G14®
2015T2G1®
2002T12G10®
2017T3525PH192®
2000IIT3H24®
2015T1H6
2017T3023H205@
2017T3023H205@
2015YLVM7
2015YLVM7
2015YLVM7
2015T1G2
2017T3325H170 top road
2017T3131H159
2017T3325H170 topsoail
2015YLVM7
2000IIT2H13®

Chronology

ELT-IV
ELT-II
ELT-II
ELT-II
ELT-II
ELT-IV
ELT-II
ELT-II
ELT-IV
ELT-IV
ELT-IV
ELT-II
ELT-II
Upper ELG
ELT-II
ELT-IV
ELT-IV

Location

Outside eastern wall of palatial area
Eastern part of palatial area

Eastern part of palatial area

Eastern part of palatial area

Eastern periphery of the site

Eastern part of palatial area

Eastern part of palatial area

Eastern part of palatial area

Elite burial area to the east of palatial area
Elite burial area to the east of palatial area
Elite burial area to the east of palatial area
Eastern part of palatial area

Eastern part of palatial area

Eastern part of palatial area

Eastern part of palatial area

Elite burial area to the east of palatial area
Eastern periphery of the site
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Type | Type Il Type lll Type IV Type V Damaged starch

Panicoideae Job’s Triticeae Rice grain Rice Snake USOs UNID Total Enzyme Ferment Cooked Total
tears compound gourd

Vat 9 3 25 34 1 18 15 34
Jart 28 15 3 7 50 3 17 6 26
Jar2 43 9 28 75 15 5 2 25 187 76 79 6 161
Jar3 23 4 1 11 35 27 8 35
Jard 18 4 18 18 18
Jar 19 4 2 21 20 1 21
He Pitcher1 2 3 b 1 1 11 18 4 7 B 14
He Pitcher2 22 3 7 29 1 22 6 29
He Pitcher3 4 19 6 1 39 68 40 26 2 68
He Pitcher4 1 19 4 7 27 2 24 1 27
He Pitcher5 21 46 4 i 43 114 69 43 2 114
Gui Pitcher1 44 6 8 52 49 2 51
Gui Pitcher2 1 1 2
Gui Pitcher3 2 1 2 5 1 1 2
Jue Cup1 48 5 4 52 1 48 3 52
Jue Cup2 3 16 1 1 11 31 9 21 30
Total n 69 9 129 321 55 6 6 203 743 207 420 55 682
Total % 9.3 1.2 17.4 43.2 0.8 0.8 27.3 100.0 27.9 56.5 7.4 91.8
Ubiquity n 4 1 8 14 14 2 5 18 16 11 15 12 18
Ubiquity % 25.0 6.2 50.0 87.5 87.5 125 31.3 938 100 68.8 93.8 75.0 93.8
MIN (m) 7.23 14.22 4.56 2.28 9.95 865 4.02
MAX (m) 19.84 23.31 55.46 9.67 22.33 33.32 45.42
Average (m) 12.54 19.53 21.43 5.14 16.13 16.77 17.91
Control samples
Kecaopen basin 8 1 1 12 21 20 20
He pitcher4-Ext 0

He pitcher5-Ext 1 1
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Laboratory code Dated material Context no Conventional radiocarbon age Calibrated date
(cal. BP., 20 range)

BA180578 rice grain H16 3,855 + 45 4,413-4,149
BA180579 nut husk fragment H16 3,875 + 45 4,417-4,153
BA180581 rice grain H19 3,970 + 25 4,523-4,301
BA180580 nut husk fragment H19 4,030 + 25 4,671-4,420
BA180582 nut husk fragment H23 3,930 + 50 4,521-4,185
BA180583 nut husk fragment H23 4,060 + 40 4,800-4,420
BA180584 rice grain Ha7 3,89 + 25 4,413-4,245
BA180585 rice grain H37 3,835 + 25 4,401-4,149
BA180586 nut husk fragment Had 397525 4,524-4,360
BA180587 rice grain H44 3,940 £ 30 4,515-4,254
BA180588 rice grain H54 3,965 + 25 4,521-4,300
BA180589 rice grain H54 3,900 + 30 4,417-4,243
BA180590 nut husk fragment H54 3,885 + 30 4,415-4,185
Beta - 530,494 foxtail millet grains H54 3,890 + 30 4,417-4,188
BA180591 rice grain H69 4,060 + 25 4,788-4,425
BA180592 rice grain H69 3,775 £ 30 4,243-3,998
BA180593 rice grain M50 3,830 £ 25 4,399-4,009

BA180594 rice grain M50 3,805 + 30 4,345-4,089





OPS/images/feart-10-836403/crossmark.jpg
©

|





OPS/images/feart-10-858492/feart-10-858492-g003.gif





OPS/images/feart-10-858492/feart-10-858492-g004.gif
Hoanlaan
1 1
(T
e .
1 1 -
I Y I
P |
anlinn
Y || I
"_ Phaaall
,“”_. alll
: 1

..........





OPS/images/feart-10-858492/feart-10-858492-g005.gif





OPS/images/feart-10-858492/feart-10-858492-g006.gif





OPS/images/feart-10-849501/feart-10-849501-t002.jpg
No.

Site

Jingtoushan
Hemudu
Yushan
Xawangdu
Kuahugiao
Kuahugiao
Liangzhu
Liangzhu
Guangfulin
Guangfulin
Hemudu
Luojang
Qingpu
E2A

ZKO1

ACN
Gaochun
Caoduntou
Dianshan
CMo7

Start time
(cal. a

BP)

8,000
7,000
5,600
5,600
7.950
7,750
5,200
4,800
4,635
7,000
6,500
4,100
2,400
5,000
3,900
3,750
3,000
2000
1,500
1,300

Category

Archaeological
Archaeological
Archaeological
Archaeological
Archaeological
Archaeological
Archaeological
Archaeological
Archaeological
Intermediate
Intermediiate
Intermediiate
Intermediiate
Natural
Natural
Natural
Natural
Natural
Natural
Natural

Location

Lat. (N);
Long. (E)

30.03°, 121.36"
29.96°, 121.35°
30.03", 121.55"
29.77°, 121.44°
30.14°, 120.21°
30.14°, 12021°
30.4°, 119.98"
30.4°, 119.98°
31.06", 121.20°
31.06°, 121.18
29.96", 121.34°
29.98°, 121.35°
31.11°, 120.9°
31.07°, 120.49°
31.78', 119.82'
31.53°, 117.37°
31.30°, 119.09
31.30°, 119.00°
31.09°, 120.98"
31.61°,121.38°

Reference

This study

This study

This study

This study

Shu et al. (2010)

Zong et al. (2007)

Liet a. (2010)

Liu et al. (2015)

Tang et al. (2019)
Itzstein-Davey et al. (2007b)
Liu et al. (2016)

Atahan et al. (2008)
Itzstein-Davey et al. (2007a)
Xu et al. (1996)

Shu et al. (2007)

Chen et al. (2009)

Yao et al. (2017)

Okuda et al. (2003)

Innes et al. (2019)

Yiet al. (2003)
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Sample no

Mount Aobao Beiliang Site

Hadagou Naniiang site

Fangshen Xiiang site

Tuanje Yingzi Mount Tuzi Site

Dujadi Site

Gaojia Wazi Site

Total

10

Location

m—m— m-m-— m-—m-—

m-m-

Type | Type Il
Intact Damaged Intact Damaged

1 3 0 4
0 0 0 0
2 0 0 0
0 0 0 0
2 3 0 0
1 0 0 0
1 0 0 1
0 0 0 0
2 0 0 0
0 0 0 0
1 6 0 1
0 0 0 0
0 0 0 1
0 0 0 0
1 2 0 4
0 0 0 1
2 0 0 1
0 0 0 0
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