

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-940-0
DOI 10.3389/978-2-83251-940-0

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Effects of novel environments on domesticated species

Topic editors

Xinyi Liu – Washington University in St. Louis, United States

Giedre Motuzaite Matuzeviciute – Vilnius University, Lithuania

Shinya Shoda – University of York, United Kingdom

Petra Vaiglova – Australian National University, Australia

Citation

Liu, X., Matuzeviciute, G. M., Shoda, S., Vaiglova, P., eds. (2023). Effects of novel environments on domesticated species. Lausanne: Frontiers Media SA.  doi: 10.3389/978-2-83251-940-0





Table of Contents




Stable Isotopic Evidence for Human and Animal Diets From the Late Neolithic to the Ming Dynasty in the Middle-Lower Reaches of the Hulu River Valley, NW China

Jiajia Dong, Shan Wang, Guoke Chen, Wenyu Wei, Linyao Du, Yongxiang Xu, Minmin Ma and Guanghui Dong

Diversification in Feeding Pattern of Livestock in Early Bronze Age Northwestern China

Menghan Qiu, Haoran Li, Minxia Lu, Yishi Yang, Shanjia Zhang, Ruo Li, Guoke Chen and Lele Ren

The Domestication of the Seasons: The Exploitation of Variations in Crop Seasonality Responses by Later Prehistoric Farmers

Martin K. Jones and Diane L. Lister

The Fits and Starts of Indian Rice Domestication: How the Movement of Rice Across Northwest India Impacted Domestication Pathways and Agricultural Stories

Jennifer Bates

Reviewing the Palaeoenvironmental Record to Better Understand Long-Term Human-Environment Interaction in Inner Asia During the Late Holocene

Michael Spate, Christian Leipe and Giedre Motuzaite Matuzeviciute

Starch granules from human teeth: New clues on the Epi-Jomon diet

Ayako Shibutani, Tomoya Aono and Yukihito Nagaya

Pig management in the Neolithic Near East and East Asia clarified with isotope analyses of bulk collagen and amino acids

Yu Itahashi

Herding pattern among Bronze Age steppe communities: An ethnographic approach to mapping pasture in the Southeastern Ural Mountains, Russia

Chuenyan Ng, Weiyan Wei, Chong Yu and Junlei Zheng

A passion for beef: Post-domestication changes in cattle body size in China from the Late Neolithic to the Late Bronze Age

Chong Yu, Hao Zhao, Songmei Hu, Miaomiao Yang, Xiaoning Guo and Chuenyan Ng

Agriculture in the Karakum: An archaeobotanical analysis from Togolok 1, southern Turkmenistan (ca. 2300–1700 B.C.)

Traci N. Billings, Barbara Cerasetti, Luca Forni, Roberto Arciero, Rita Dal Martello, Marialetizia Carra, Lynne M. Rouse, Nicole Boivin and Robert N. Spengler III

Pre-Columbian cultivation of vegetatively propagated and fruit tree tropical crops in the Atacama Desert

José M. Capriles, Magdalena García, Daniela Valenzuela, Alejandra I. Domic, Logan Kistler, Francisco Rothhammer and Calogero M. Santoro

Comparative osteomorphological criteria for differentiating mandibular teeth and post-cranial skeletons of takins (Budorcas taxicolor) from Bovini species on Tibetan Plateau

Zhengwei Zhang, Fan Li and Fiona Marshall

Varying cultivation strategies in eastern Tianshan corresponded to growing pastoral lifeways between 1300 BCE and 300 CE

Duo Tian, Yufeng Sun, Melissa M. Ritchey, Tongyuan Xi, Meng Ren, Jian Ma, Jianxin Wang, Zhijun Zhao, Xue Ling and Xinyi Liu

The resilience of pioneer crops in the highlands of Central Asia: Archaeobotanical investigation at the Chap II site in Kyrgyzstan

Giedre Motuzaite Matuzeviciute, Manon van Unen, Ruta Karaliute and Kubatbek Tabaldiev

Agricultural practices of the Qin people from the Warring States period to the Qin Dynasty: A case from the Matengkong site in Guanzhong Basin, China

Liya Tang, Hui Zhou, Zhiyou Wang, Jing Zhu, Jiaqi Liu, Ziheng Gao and Zhijun Zhao

The importance of wild resources as a reflection of the resilience and changing nature of early agricultural systems in East Asia and Europe

Chris J. Stevens, Enrico R. Crema and Shinya Shoda

Lipid residues in ancient pastoralist pottery from Kazakhstan reveal regional differences in cooking practices

Natsuki Murakami, Akhan Onggaruly, Saule Rakhimzhanova, Edward A. Standall, Helen M. Talbot, Alexandre Lucquin, Miho Suzuki, Arhat Karimagambetov, Abdinur Nuskabay, Sang-Won Nam, Oliver E. Craig and Shinya Shoda

Complex (multispecies) livestock keeping: Highland agricultural strategy in the northern Horn of Africa during the Pre-Aksumite (1600 BCE–400 BCE) and Aksumite (400 BCE–CE 800) periods

Helina S. Woldekiros and A. Catherine D’Andrea

A Wooly Way? Fiber technologies and cultures 3,000-years-ago along the Inner Asian Mountain Corridor

Paula N. Doumani Dupuy, Kubatbek Tabaldiev and Giedre Motuzaite Matuzeviciute












	 
	ORIGINAL RESEARCH
published: 31 May 2022
doi: 10.3389/fevo.2022.905371





[image: image]

Stable Isotopic Evidence for Human and Animal Diets From the Late Neolithic to the Ming Dynasty in the Middle-Lower Reaches of the Hulu River Valley, NW China

Jiajia Dong1†, Shan Wang2†, Guoke Chen2, Wenyu Wei1, Linyao Du1, Yongxiang Xu1, Minmin Ma1* and Guanghui Dong1

1Ministry of Education Key Laboratory of Western China’s Environmental Systems, College of Earth and Environmental Sciences, Lanzhou University, Lanzhou, China

2Gansu Provincial Institute of Cultural Relics and Archaeology Research, Lanzhou, China

Edited by:
Giedre Motuzaite Matuzeviciute, Vilnius University, Lithuania

Reviewed by:
Assunta Florenzano, University of Modena and Reggio Emilia, Italy
John Dodson, Institute of Earth Environment (CAS), China

*Correspondence: Minmin Ma, mamm@lzu.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Paleoecology, a section of the journal Frontiers in Ecology and Evolution

Received: 27 March 2022
Accepted: 09 May 2022
Published: 31 May 2022

Citation: Dong J, Wang S, Chen G, Wei W, Du L, Xu Y, Ma M and Dong G (2022) Stable Isotopic Evidence for Human and Animal Diets From the Late Neolithic to the Ming Dynasty in the Middle-Lower Reaches of the Hulu River Valley, NW China. Front. Ecol. Evol. 10:905371. doi: 10.3389/fevo.2022.905371

The study of human and animal paleodiets, representing the unique subsistence strategies and human-environment interactions adopted over evolutionary time, has attracted intensive research attention. Historically, the western Loess Plateau (WLP) served as a key area for the evolution of human-land relationship. The human subsistence patterns in the WLP changed significantly from prehistoric to historical periods based on archaeobotanical data. However, the trajectory and influencing factors of ancient human and animal diets in the WLP remain unclear, mainly due to the lack of isotopic data in the upper reaches of the Wei River. In this paper, we reported 172 human and animal isotope samples (C and N) and 23 radiocarbon dates from three sites in the middle-lower reaches of the Hulu River Valley (HRV). At least three periods of dietary patterns for humans were observed in the WLP from the late Neolithic to Ming Dynasty. During 5300–4000 Before Present (BP), humans and domesticated animals such as pigs and dogs consumed a greater proportion of millets and millet byproducts. Between 3000 and 2200 BP, the diets of pigs and dogs remained largely comprised of C4 foods, while humans consumed both C3 and C4 foods, which contradicted the evidence of an overwhelming proportion of wheat and barley (C3 crops) from the contemporaneous cultural sediment. The contradictions between plant remains and human diets are probably related to geopolitical factors. Between 1000–500 BP, human diets were more diverse and heterogeneous in this region. Combined with environmental and archaeological evidence, the changes in diets and subsistence strategies over the three periods can be attributed to the comprehensive influence of regional cultural development, geopolitics and technological innovation. This paper not only reveals the trajectory and influencing factors of ancient human and animal diets in the middle-lower HRV, but also explores how subsistence strategies, particularly in terms of dietary structure, will change in the context of cultural exchange and diffusion, and emphasizes the important influence of geopolitical interactions in the WLP.
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INTRODUCTION

The study of human subsistence strategies highlights the ability of humans to adapt to changing environments, which provides an essential means to explore the mechanisms and influences of human-environment interactions, and has therefore received extensive attention across disciplines over the last few decades (von Cramon-Taubadel, 2011; Obregon-Tito et al., 2015; Marchant et al., 2018; Bleasdale et al., 2020). Historically, northwest China was easily influenced by climate change and trans-continental cultural exchanges, where human subsistence strategies were diverse. For example, this region served as the frontier for fishing-hunting practices and agricultural activities during the prehistoric agricultural civilization (Bettinger et al., 2007; Dong et al., 2013; Liu F. et al., 2019), and later evolved into a mixed region of crop and livestock agricultural practices (Spengler et al., 2014; Yang et al., 2019; Janz et al., 2020). Therefore, changes in human livelihoods in northwest China reflected the social, economic and political changes associated with climate change and transcontinental cultural exchanges from prehistoric to historical periods.

However, the spatial-temporal patterns of human subsistence strategies in northwest China are still not well understood. Most previous research has focused on the prehistoric period, especially the late Neolithic and Bronze Age (Chen et al., 2015; Barton et al., 2020; Dong et al., 2020a,2022b), and a few studies have focused on the Iron Age in Xinjiang (Liu W. et al., 2010; Zhang et al., 2018; Wang X. et al., 2021), while very little attention has been paid to historical studies. Evidence from many plants, animals and isotopes has illustrated the human livelihood patterns in the Qinghai-Tibet Plateau (Du et al., 2004; Chen et al., 2015; Song et al., 2021; Wende et al., 2021) and the Hexi Corridor (Atahan et al., 2011a; Zhang et al., 2017; Yang et al., 2019, 2020). But those in the western Loess Plateau (WLP), a critical area of dramatic changes in human survival strategies, remain deficient, with only limited evidence from the Hehuang Valley (Ma M. et al., 2016; Ren et al., 2021).

Studying human and animal dietary structures can improve our understanding of human livelihood patterns (Walker and DeNiro, 1986; Lv, 2017; Hu, 2018; Krajcarz et al., 2020). Compared to indirect evidence suggested by plant remains and animal bones unearthed from archaeological sites (Flad, 2007; Zhao, 2010; Du et al., 2020), the inbuilt diet information associated with human bones and teeth present direct evidence of consumption, which can be obtained by the study of isotopes (Kohn, 1999; Wang T. et al., 2019; Wang X. et al., 2021), plant microfossils (Henry et al., 2011; Salazar-García et al., 2021; Scott et al., 2021), ancient proteins (Welker et al., 2016; Jeong et al., 2018; Wilkin et al., 2020) or ancient DNA (Weyrich et al., 2017; Wang C. et al., 2021; Wang W. et al., 2021). Carbon and nitrogen isotopes can directly and effectively reflect the dietary structures and trophic levels of humans and animals (Schoeninger et al., 1983; Kohn, 1999; Hu, 2018), and therefore have played an important role in the study of human diet reconstruction (Atahan et al., 2011b; Dong Y. et al., 2017; Liu and Reid, 2020), agricultural origins (Barton et al., 2009; Leipe et al., 2019; Liu X. et al., 2019), and animal management (Hu et al., 2014; Ma et al., 2021; Vaiglova et al., 2021).

Along with the introduction of pastoralism into China during the Late Holocene, changes of human diets and livelihood patterns in China are still unclear. In the steppe region of northern China, animal husbandry rapidly replaced the indigenous lifestyle (Yuan, 2016; Dong et al., 2021a; Zhang et al., 2021). Following the arrival of Afanasevo and Andronovo populations in northern Xinjiang, the communities relied on a mixed economy of cultivation and animal husbandry quickly shifted to the dominance of animal husbandry (Wei and Feng, 2020). In the Central Plains, pastoralism was selectively used and then indirectly contributed to the formation of early states (Han, 2015; Zhang, 2017). However, in the farming-pastoral ecotone, the change trajectory of human subsistence strategies (especially the dietary structure) is still very vague due to complex factors.

The middle-lower reaches of the Hulu River Valley (HRV), located in the upper reaches of the Wei River basin in the WLP, represent a key area relating to the origins, spread and exchange of agriculture from the Neolithic to historical period (Su, 2008; Barton et al., 2009; Atahan et al., 2011b). Here, archaeobotanical evidence indicates that the agricultural planting structures have changed dramatically (Li, 2018; Chen et al., 2020). The discovery of only a few common millets suggested that previous societies had grown crops as early as Dadiwan 1 Culture (7800–7350 BP) (Liu et al., 2004; An et al., 2010). Over the periods of Yangshao to Qijia Culture, millet-based agriculture was established and expanded rapidly in the WLP, and millets played an increasingly important role in human livelihoods (Chen et al., 2020; Wang and Cui, 2021). With the intensification of transcontinental exchange, wheat and barley were introduced into this region, although not widely used, during 4300–3600 BP (Barton and An, 2014; Liu et al., 2016a). There is a gap in human settlement intensity from 3600 to 3000 BP in the prehistoric record. After 3000 BP, agriculture once again intensified, as wheat was widely distributed, altering the original agricultural planting structure (Chen et al., 2020; Ren et al., 2021). During the Song-Qing Dynasty, wheat became the dominant staple food, with evidence of various agricultural planting patterns based on historical documents and archaeobotanical evidence (Li, 2018).

Nonetheless, archaeobotanical evidence alone cannot completely explain the contribution of crops to human and animal diets, as well as the role they play in various diet patterns. In contrast, isotopes may provide more direct and telling evidence (Hu, 2018). The only isotopic analysis performed at the Dadiwan site revealed that almost animals under investigation exhibited a C3 signal, except for three dogs exposed to millets during 7900–7200 cal BP, and millets were likely a dominant crop in the diets of humans, domestic pigs and dogs from 6500 to 4900 BP (Barton et al., 2009). However, previous studies have focused on evidence from charred seeds, animals and isotopes studies are limited to the Neolithic period. Following the late Neolithic, cultural exchanges and dissemination became more frequent (Jia et al., 2013; Dong G. et al., 2017), but human and animal diets and their influencing factors remain unclear, mainly due to the lack of continuous archaeological excavation materials. Located on the southern edge of the farming-pastoral ecotone, the archaeological culture in the HRV is relatively continuous and complete (Xie, 2002; Wang, 2012), providing an excellent opportunity to investigate the variation of human livelihood patterns under the exchange and integration of agricultural and animal husbandry management.

In recent years, many human and animal bones from the late Neolithic to the Ming Dynasty have been excavated from the Yabeili (YBL, [image: image]), Wangjiayangwan (WJYW, [image: image]), and Zhongtianxingfucheng (ZTXFC, [image: image]) sites, which are distributed across the middle-lower HRV, providing important materials for exploring the dietary structure of humans and animals in this area. Using carbon and nitrogen isotopes of human and animal bones along with radiocarbon dating, this paper intends to (1) characterize human and animal diets during the period from the Late Neolithic to the Ming Dynasty in the middle-lower HRV; (2) summarize the livelihood patterns in the WLP, and reveal how human livelihood patterns, especially dietary structure, change in response to natural and social environmental changes.



STUDY AREA AND ARCHAEOLOGICAL CONTEXT

The HRV (105.1°E–106.5°E, 34.5°N–36.5°N) is located to the west of the Liupan Mountains, and is characterized by complicated topography with elevations that gradually decreases from north to south and from east to west. Numerous rivers develop in the valley, converging and forming the Hulu River, the largest tributary of the upper Wei River (Li et al., 1993; Wang, 2018). The HRV is situated at the intersection of the southeastern monsoon and the Tibetan Plateau climate regions, hence the influences of summer monsoons on the environment in the middle-lower reaches are more obvious than that in the east and west, with a mean annual temperature of 9.68°C and mean annual precipitation of 464 mm (1 Mo et al., 1996; Han et al., 2020). Evidence from carbon isotopes of plants and soil during the Holocene indicates that C3 plants dominated the natural vegetation, with an average carbon isotope of –26.7‰ (Wang et al., 2005; Zhang et al., 2015), while the C4 plants represent the minority and exhibit seasonal differences, with an average of –12.4‰, which contributes to tracing diet variations (Zhao et al., 2013; Jiang et al., 2019; Zhang D. et al., 2020).

The HRV not only nurtured early farming communities in northern China, but also displayed a continuous archaeology cultural sequence from the Neolithic to Bronze Age (Li et al., 1993; Xie, 2002). The Dadiwan is the earliest Neolithic site in this region, and is a typical site of the Dadiwan 1 Culture (∼7800–7300 BP) (Gansu Provincial Institute of Cultural Relics and Archaeology [GPICRA], 2006; Zhang et al., 2010). After that, the Yangshao Culture (∼6300–5000 BP) flourished and spread widely throughout the area to numerous sites (Dong et al., 2016). The Majiayao Cultural sites moved to a wider area in the northwest, and human activities displayed unprecedented prosperity in this period (∼5300–4800 BP) (Wang, 2012). Subsequently, the site number, distribution area, and population gradually decreased during the following lower Changshan Culture (∼4800–4400 BP) and Qijia Culture (∼4200–3600 BP) (Mo et al., 1996; An et al., 2005). Moreover, the sparse-wood grasslands and grasslands were the dominant vegetation types in the Wei River valley before the Qijia Culture, which provided excellent hydrothermal conditions for human populations shifting from the hunting-gatherers to farmers (Xia et al., 1998; Shang and Li, 2010; Sun and Feng, 2015). The archaeological culture in this area became more complex after the disintegration of the Qijia Culture. The collision-integration initially occurred between native Siwa Culture and Central Plains cultures, followed by Eurasian steppe cultures and indigenous cultures that later converged and exchanged again (Li et al., 1993; Wang, 2012).



MATERIALS AND METHODS


Study Sites

Three adjacent archaeological sites, namely YBL, ZTXFC, and WJYW, located in the middle-lower HRV, were excavated by the Gansu Institute of Cultural Relics and Archaeology in 2019. The YBL site (35.00°N, 105.65°E), in Qin’an County, Tianshui City, is situated on the left terrace of the lower reaches of the HRV. The ZTXFC site (35.20°N, 106.02°E) and the WJYW site (35.30°N, 105.91°E), which are 41 km away from the YBL site in the northeast, are situated along the Shuiluo River, which is a tributary of the Hulu River (Figure 1). Evidence from recovered pieces of pottery, human and animal bones, stone tools and bone-made artifacts from different cultural layers and relics by on-site collection and flotation across the three sites represented the period from the late Neolithic to the Ming Dynasty at least.


[image: image]

FIGURE 1. Map showing the location of the study area and the distribution of sites with published archaeobotanical and isotopic analysis, as well as the locations of sample sites in the WLP.




Analysis of the Isotopic Composition of Bones

The δ13C values of C3 crops (including wheat and rice) and C4 crops (including foxtail millet and broomcorn millet) are quite different due to various photosynthetic modes (Bender, 1971; Smith and Epstein, 1971), which can be used to reconstruct the paleodiet based on δ13C values in bones that were absorbed from plant isotopes (Teeri and Schoeller, 1979; Tieszen et al., 1983). Similarly, the δ15N values are different among animals at different trophic levels, and these differences may be amended by many factors (Hedges and Reynard, 2007; Caut et al., 2009; Jaouen et al., 2019; Ma et al., 2021).

A total of 172 human and animal samples were selected for isotopic analysis. All samples were treated following the process described by Ma M. et al. (2016) with some modifications. First, cleaned bones were placed in 0.5 mol/L hydrochloric acid (HCl) at 4°C for 2 weeks with daily replacement. Then the collagen was rinsed and the samples were then immersed in 0.125 mol/L NaOH at 4°C for 20 h, after which they were rewashed. Next, 0.5 mol/L hydrochloric acid (HCl) was added at room temperature (∼20°C) for 4 h to remove any absorbed CO2 and then the samples were rinsed again. The remains were then submerged in a HCl solution (PH = 3) at 75°C for 48 h. Finally, the solution was filtered, frozen and freeze-dried to extract the collagen.

The measurement of organic carbon and nitrogen content along with the atomic C/N ratio was conducted in the State Key Laboratory of Applied Organic Chemistry at Lanzhou University. Stable carbon and nitrogen isotope ratios of bone collagen were analyzed using a Thermo Finnigan Flash DELTA plus XL mass spectrometer coupled with EA at the MOE Key Laboratory of Western China’s Environmental System, Lanzhou University, China. To check the stability of the instrument system and to ease calibration, a standard and replicate were added following every ten samples (Graphite, δ13C: –16.0 ± 0.1‰; Wheat, δ13C: –27.2 ± 0.13‰; Collagen, δ13C: –9.0‰; Glycine, δ13C: –33.3‰; IAEA-600, δ15N: 1.0 ± 0.2‰; Protein, δ15N: 5.9 ± 0.08‰; Puge, δ15N: 5.6‰). All carbon and nitrogen isotopes were measured relative to V-PDB and AIR standard samples, respectively. The measurement analytical precision was ± 0.2‰ for both carbon and nitrogen isotopic ratios. Furthermore, 23 human and animal collagen samples were selected for radiocarbon dating using accelerator mass spectrometry (AMS), and the results were calibrated to calendar age using OxCal v.4.4.4 (Bronk Ramsey, 2021) with the IntCal 20 calibration curve (Reimer et al., 2020), and reported as “cal BP.” Significant differences were examined using the Mann–Whitney U test in SPSS Statistics 22 (P < 0.05).




RESULTS


Bone Preservation Status

Overall, samples with C/N atom ratio of bone collagen between 2.9–3.6 and yield > 1% are considered to be in good condition (DeNiro, 1985; Ambrose, 1990). In this study, the C/N atomic ratios of all samples were between 2.9 and 3.6 (3.2∼3.3), and the yield ranged from 1.1% to 23.5%. Additionally, the carbon and nitrogen elements content in the samples was similar to that in modern samples. Therefore, all samples were considered uncontaminated and appropriate for further analysis.



Chronology

The 23 AMS radiocarbon dates of human and animal collagen samples ranged from 5277 to 548 cal BP (95.4%) (Table 1). Combined with recovered pottery, archaeological stratigraphy and chronology results, the cultural remains in the three sites were divided into three periods: period 1 (5300–4000 cal BP), period 2 (3000–2200 cal BP), and period 3 (1000–500 cal BP).


TABLE 1. Calibrated radiocarbon dates from three sites in the middle-lower HRV.

[image: Table 1]


Human and Animal Isotopic Analysis

In this study, all samples were identified as wild herbivorous (deer), domesticated herbivorous animals (cattle, sheep, and horses), domesticated omnivorous animals (dogs and pigs) and humans for isotopic analysis (Table 2 and Supplementary Table 1).


TABLE 2. Stable isotopic data from three sites in the middle-lower HRV.

[image: Table 2]
During Period 1 (5300–4000 cal BP), 18 animals (dogs, pigs, deer, and pheasants) and 4 human bone collagen samples were analyzed, of which the δ13C and δ15N values ranged from –8.0 to –21.9‰ and 2.5 to 10.9‰, respectively, indicating more significant variability in diet assemblage. As shown in Figure 2A, the lower δ13C (mean = –19.0 ± 1.9‰) and δ15N (mean = 4.2 ± 0.8‰) values of wild herbivorous (deer; n = 7) suggested a relatively stable C3 diet. On the contrary, almost all samples originating from domesticated omnivorous animals (dogs and pigs; n = 9) exhibited higher δ13C (mean = –10.6 ± 3.0‰) and δ15N (mean = 7.4 ± 1.2‰) values, which suggested a continuous intake of more C4 foods (likely millets and millet byproducts and/or millet-based animal protein), aside from one individual who ingested a greater proportion of C3 plants. Furthermore, three of four human samples from this period displayed obvious C4 signals, indicating that they relied heavily on C4 foods. The δ13C values of domesticated omnivorous samples were very similar to most humans (Mann–Whitney U test, P = 0.203 > 0.05), revealing that domesticated pigs and dogs may have exhibited diets closely related to humans.
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FIGURE 2. Carbon and nitrogen isotopic results for humans and animals from sites in the middle and lower reaches of the Hulu River Valley during (A) Period 1 (5300–4000 cal BP); (B) Period 2 (3000–2200 cal BP) and (C) Period 3 (1000–500 cal BP).


During Period 2 (3000–2200 cal BP), a total of 133 animals (including dogs, pigs, cattle, sheep, horses, and deer) and 2 human samples were analyzed. The results presented in Figure 2B indicate that cervids (n = 3) exhibited more negative δ13C values (mean = –18.7 ± 0.3‰) and lower δ15N values (mean = 4.5 ± 0.6‰) than other animals, suggesting that they displayed a C3 plants-based diet, which is similar to the δ13C (P = 0.305 > 0.05) and δ15N (P = 0.425 > 0.05) values of Period 1 (5300–4000 cal BP). For domestic herbivores, the isotopic values of most sheep (n = 58, SD = 1.0 for δ13C; SD = 1.0 for δ15N) and horses (n = 27, SD = 1.2 for δ13C; SD = 0.8 for δ15N) were relatively consistent, while cattle were more positive and variable (n = 26, mean = –16.1 ± 2.0‰ for δ13C; mean = 6.1 ± 1.2‰ for δ15N), which may be mainly due to variation in the physiological characteristics of domestic herbivores and slight differences in animal husbandry. In general, the δ13C values of domestic herbivores were relatively negative and similar to those of deer (P = 0.165 > 0.05), except for four individuals, which were likely fed by humans. In contrast, the isotopic values of domesticated omnivorous animals exhibited more positive characteristics. Except for three pigs, which likely foraged in the wild, the remaining pigs and dogs showed higher δ13C values (–10.3∼–7.3‰) and narrow ranges of δ15N values (7.8∼9.0‰), indicating a diet consisting mainly of C4 foods. Two human samples exhibited very different and negative isotopic characteristics than those of the first period, one of which exhibited higher δ13C and δ15N values, indicating a greater proportion of C4 foods in their diet. While another sample suggests that a certain amount of C3 foods and many C4 foods made up their diet. Unlike Period 1, significant differences were observed in δ13C values between domesticated omnivores and humans (P = 0.028 < 0.05).

During Period 3 (1000–500 cal BP), only isotopic data from human samples were available (Figure 2C). All human samples demonstrated obvious differences in δ13C (P = 0.005 < 0.05) and δ15N (P = 0.005 < 0.05) values at the ZTXFC and YBL sites. Specifically, humans from the ZTXFC site displayed more negative δ13C values than those from the YBL site, indicating a more C3-based diet at the ZTXFC site and a mixed C3 and C4 food-based diet at the YBL site. Moreover, human δ15N values during this period were significantly lower than those of the previous two periods, especially at the YBL site (Figure 3). An abnormal individual (ZT-M7: 2) with a more positive δ13C value and a lower δ15N value at the ZTXFC site was assumed to be an immigrant.
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FIGURE 3. Comparison of the δ13C and δ15N results with scatter and mean ± SD for humans from sites of the middle and lower reaches of the Hulu River Valley during three periods.





DISCUSSION


Human Diets and Subsistence Strategies From the Late Neolithic to the Ming Dynasty in the Middle-Lower Hulu River Valley

During Period 1 (5300–4000 cal BP), the agricultural planting structure was dominated by millets in the middle-lower HRV, according to published archaeobotanical data (An et al., 2010; Li, 2018; Chen et al., 2020). The observed C4 signal in human and animal diets can be interpreted as predominating millets, or animal protein derived from millets. Slight differences in δ13C values between domesticated omnivorous animals and humans support the vital role of pigs and dogs in human meat consumption from an isotope perspective. Moreover, the C3 dominated diet of wild herbivores indicated that there were a few hunting games during this time and that humans ate a little wild animal production. Although the mean δ15N offset of 5.9‰ between humans and wild herbivores exceeded a trophic level of δ15N enrichment, the δ13C values of humans and domesticated animals and the mean δ15N offset of 2.6‰ between humans and domesticated animals indicate that humans consumed a limited amount of animal protein (Bocherens and Drucker, 2003; Hedges and Reynard, 2007; O’Connell et al., 2012; Liu and Reid, 2020).

During Period 2 (3000–2200 cal BP), the similarity in isotopic values of Cervidae to those of Period 1 indicates that the environment had not changed dramatically in the middle-lower HRV. At the same time, with the widespread adoption of domesticated herbivores, the human subsistence strategy changed dramatically (Du et al., 2020). Similar to the Majiayuan cemetery, M1 is a deep vertical cave tomb with more than 200 skulls and hooves of cattle, sheep/goats, and horses at the YBL site, which suggests that the individual in M1 is likely to be a pastoralist (most likely Xirong). The δ13C value for this individual is quite negative with a relatively high δ15N value, indicating a diet consisting of more C3 foods and animal protein. Isotopes of another individual unearthed from an ash pit, dated to 2710–2428 cal BP, suggested that this individual ingested a more significant amount of C4 foods and animal protein products. During Period 2, these individuals highlighted two diets: a C4-based diet and a mixed C3 and C4 food-based diet. According to published archaeobotanical evidence, the dependence on wheat increased significantly during this time, while the dependence on millets decreased considerably (Li, 2018; Chen et al., 2020). Therefore, it is reasonable that the C3 food in the human diet was primarily from wheat or C3 food-fed animal protein, while the C4 food remained mainly from millets and millet byproducts. Aside from one pig, domestic omnivores showed obvious C4 signals, indicating a high feeding practice. In contrast, most domestic herbivores showed high C3 signals, consuming a large amount of C3 food. Moreover, three sheep and one horse displayed a similar diet to domestic pigs and dogs, which might be related to animal management such as entire grazing or a combination of grazing and feeding patterns. Furthermore, the higher mean δ15Nhumans–herbivores offset of 6.5‰ and δ15Nhumans–domestic omnivores offset of 4.48‰ suggested that humans may have consumed a large amount of animal protein, including even fish and other aquatic foods. In brief, the human subsistence strategies are quite complex in the middle-lower HRV during Period 2.

During Period 3 (1000–500 cal BP), according to the proportion of main crops recorded in the literature and unearthed plant remains in the middle-lower HRV, the agricultural planting structure exhibited diverse characteristics, with wheat as the main cultivated crop, and millets and other crops (such as buckwheat and oats) as the secondary subsistence crop (Local Chronicle Compilation Committee of Zhuanglang County, 1998; Local Chronicle Compilation Committee of Qin’an County, 2001; Local Chronicle Compilation Committee of Tianshui City, 2004; Local Chronicle Compilation Committee of Pingliang City, 2011; Li, 2018). Based on the observed differences in isotopes, it can be seen from Figure 4A that the δ13C values of humans were negative and presented two assemblages with different diets and livelihood patterns. Humans consumed a majority of wheat and animal protein at the ZTXFC site, while a mixture of wheat, barley, and millets played a critical role in human diets at the YBL site. The lowest δ15N values of humans at the YBL site suggested that they consumed the lowest amount of animal protein production. From the isotope perspective, this study provides direct evidence of human diets during the Song-Ming Dynasty in the middle-lower HRV, where wheat was the staple food, millets and other crops were supplementary food. Overall, human diets showed obvious diversification and regional characteristics during Period 3.


[image: image]

FIGURE 4. Comparison of isotopic and archaeobotanical results in the middle-lower HRV and WLP. (A) Carbon isotopic results with 14C dates from sites in the middle-lower HRV. (B) The δ13C values from sites in the WLP (yellow boxes represent the site in the middle-lower HRV) (Cai and Qiu, 1984; Barton et al., 2009; Ling, 2010; Ma, 2013; Atahan et al., 2014; Liu et al., 2014; Ma Y. et al., 2016; Zhang et al., 2016; Ren, 2017; Wang Y. et al., 2019). (C) The weight percentage of crops in the WLP (Liu et al., 2004; Yang, 2014; Hu, 2015; Li, 2018; Chen et al., 2019, 2020; Ren et al., 2021). (D) Regime change between Han and Minority and events of Minority immigration and emigration (Li et al., 1993; Local Chronicle Compilation Committee of Zhuanglang County, 1998; Local Chronicle Compilation Committee of Qin’an County, 2001; Xie, 2002; Local Chronicle Compilation Committee of Tianshui City, 2004; Local Chronicle Compilation Committee of Pingliang City, 2011; Wang, 2012; Local Chronicle Compilation Committee of Gansu Province, 2017).




Complex Diet Patterns From the Late Neolithic to the Ming Dynasty in Western Loess Plateau

To better understand the dietary trajectory, the results of this study were compared with those from other sites in the WLP (Figures 4B,C). Since the diets of domestic pigs and dogs were closely related to human diet patterns (Hou, 2019; Robinson, 2019), it is reasonable to combine the results of humans and domestic pigs and dogs.

As one of the earlier independent agricultural centers in northern China during the Neolithic, the Dadiwan site represents the earliest research on human and animal isotopes in the WLP (Barton et al., 2009; Zhang et al., 2010; Leipe et al., 2019). Most of the animal diets during the Dadiwan 1 Culture were C3-based (mean = –19.0 ± 1.4‰ for δ13C), which shifted to a C4-based diet (probably millets and millet byproducts) in humans and domestic pigs and dogs between 6500 and 4900 cal BP (mean = –10.0 ± 2.7‰ for δ13C). Domestic animals outnumbered wild animals based on zooarchaeology data during 5600–5000 BP at most contemporaneous sites, except for the Shannashuzha site, which was abundant with wild animals (Huang, 2000; Qi et al., 2006; Flad, 2007; Yu et al., 2011; Ma et al., 2021). Humans, domestic dogs and pigs consumed millets primarily at the Shannashuzha site (mean = –10.8 ± 4.3‰ for δ13C), which was coincident with unearthed plant remains (Hu, 2015; Ma et al., 2021). During 5300–4000 BP, the isotopic results suggested that a C4-based diet was most prevalent across all archaeological sites of the WLP (Barton et al., 2009; Ma, 2013; Atahan et al., 2014). Humans heavily relied on millet agriculture during this period, which was also consistent with our data (Figure 4B). Generally, a strong mutualism of millet agriculture and animal husbandry or hunting games composed the core part of the human subsistence strategy in the WLP during the Neolithic period (Pechenkina et al., 2005).

With the introduction of exotic cereals (wheat and barley) and livestock (cattle and sheep/goats), the structure of crop cultivation and animal utilization changed tremendously (Dong et al., 2021a; Ren et al., 2021), and the human subsistence strategy changed accordingly during 4000–2200 BP (Zhou and Garvie-Lok, 2015). Although wheat and barley were introduced between 4300 and 3600 BP (Chen et al., 2020; Ren et al., 2021), the human subsistence strategy still heavily relied on millets and domesticated omnivores in the WLP (Flad, 2007; Ma M. et al., 2016), such as at the Xiahaishi site (mean = –8.4 ± 2.3 for δ13C), the Sanheyi site (mean = –9.1 ± 0.5 for δ13C), and the Lajia site (mean = –7.9 ± 0.3 for δ13C). Later, the communities of the WLP selectively incorporated exotic crops and livestock (such as wheat, cattle, sheep, and goats), and the subsistence strategy diversified in the WLP (Jaffe et al., 2021). Around 3600 cal BP, humans of the Qijiaping site (mean = –9.1 ± 1.7 for δ13C) maintained a millet-based diet (Ma et al., 2015; Zhang et al., 2016), while the isotopes in bone collagen (mean = –14.3 ± 1.8‰ for δ13C) and starch grains in dental calculus of humans from the Mogou site suggested that wheat and barley were incorporated into the staple diet (Li et al., 2010; Liu et al., 2014; Ma M. et al., 2016). Therefore, there was a significant dietary shift favoring more C3 foods (likely wheat, barley and C3 food-fed animals) post-3600 cal BP (Ma M. et al., 2016). Human settlement intensity decreased significantly during 3600–3000 BP (Chen et al., 2020). After pastoralism or nomadism was widely diffused in Eurasia, the utilization of the domestic animals played a more important role in the human subsistence strategy (Yi, 2012; Ren and Dong, 2016; Jeong et al., 2020). The isotopic evidence from various sites suggested different agricultural patterns during 3000–2200 BP. Previous studies have shown that the carbon isotopes of humans, pigs and dogs are more negative, such as the individual (YBL-M1) observed in this study and the Zhanqi site (mean = –16.0 ± 1.6‰), the Xishan site (mean = –12.9 ± 3.7‰), the Lixian site (mean = –12.9 ± 3.7), all of which suggest that wheat crops and their byproducts made up a large component of human and domestic herbivore diets (Ling, 2010; Atahan et al., 2014; Liu et al., 2014; Ma Y. et al., 2016). However, other isotopic data from studies at the Maojiaping site (mean = –10.4 ± 1.5‰) and this study (mean = –11.0 ± 3.7‰) still maintain the C4-based diet (Wang Y. et al., 2019). Based on the general isotopic features found in the WLP, two or more groups occupied this region from 3000 to 2200 BP. Specifically, there were likely both individuals who consumed primarily millets (e.g., the Maojiaping site and this study) and individuals who subsisted on a mixed diet of wheat and millets (e.g., the Zhanqi, Xishan, and Lixian sites as well as YBL-M1). However, archaeobotanical evidence from this period shows that wheat and barley (C3 food) dominated the agricultural cropping structure in the WLP (74%), and even accounted for up to 84% of the charred seeds in Gangu County, Tianshui City, while the proportion of millets (C4 food) was substantially reduced (Figure 4C; Li, 2018; Chen et al., 2020; Ren et al., 2021). Overall, the human subsistence strategy was diverse and complex from the Bronze Age to the early Iron period.

After the Han Dynasty, the system of dryland agriculture in the north and rice cultivation in the south was gradually improved, and wheat planting became widespread (Wei, 1988; Zhao, 2015; Zhou et al., 2017). According to the literature, millets dominated the agricultural planting structure, with wheat as a supplementary crop during the Han-Tang Dynasty (2152–1043 BP). Millets and wheat were broadly planted with a set of ingenious planting methods and became the staple crop of human diets in arid and semi-arid areas of northern China during the Western Han Dynasty (2152–1942 BP) (Book of Han⋅Shihuozhi; Fanshengzhishu). In addition to millets and wheat, other crops (e.g., flax) were also valued in the Northern Wei Dynasty (1564–1407 BP) (Qiminyaoshu). Moreover, this pattern has been confirmed by historical archaeobotanical evidence in the WLP (Li, 2018). Based on charred seeds and chorography evidence, agricultural planting structures diversified during the Song-Ming Dynasty (990–306 BP). Humans primarily planted wheat, supplemented with millet, sorghum, barley, beans, and buckwheat in this period (Figure 4C; Local Chronicle Compilation Committee of Gansu Province and Agricultural Chronicle Compilation Committee of Gansu Province, 1995; Shi, 1995; Li, 2018). Although a few historical documents (such as the “Tiangong Kaiwu” and “Shihuozhi”) recorded the general agricultural cropping patterns throughout Gansu Province and northern China, these documents may not accurately capture the human dietary structures in the WLP, as these grains may be used to feed livestock or trade-related activities, and so on. Therefore, our understanding of human livelihoods in the WLP remains fragmented and indirect, based solely on historical documents or limited archaeobotanical data. While evidence from human bone isotopes can directly reflect consumption patterns. Our study shows that some groups mainly ate wheat and other C3 foods, while another individual (ZT-M7: 2) may have consumed multiple crops. From an isotopic perspective, this paper provides additional evidence that multiple lifestyles existed during the Song and Ming dynasties, which makes up for the lack of historical documents and archaeobotanical evidence regionally. It reveals the complexity and diversity of the human diet structure.



Influencing Factors of Human and Animal Diets in Western Loess Plateau

Foxtail and broomcorn millet, as well as pigs and dogs, were domesticated and spread around 10,000 years ago, and millet agriculture was established under intense human activities and favorable ecological conditions during 6500–6000 BP in Northern China (Qin, 2012; Zhao, 2014; Dong et al., 2016; Wang and Cui, 2021). The agricultural population diffused widely to the surrounding areas, which directly promoted cultural development during the Neolithic (Jia et al., 2013; Leipe et al., 2019; Dong et al., 2020b, 2022a). Agriculture based on the farming millets combined with raising pigs and dogs or hunting animals was established and developed rapidly in the WLP after the middle-Yangshao Culture (Dong et al., 2016; Li, 2018). In Period 1 (5300–4000 cal BP), the occurrence of millet-based agriculture thrived in a relatively stable and suitable environment, along with abundant fresh water and fertile soil brought by the numerous tributaries of the Yellow River (Liu F. et al., 2010; Zhang et al., 2019; Zhang C. et al., 2020). Therefore, prehistoric cultures based on millet agriculture dominated human and animal diets during this period in the WLP.

With the strengthening of trans-Eurasian exchange, exotic crops and livestock (including wheat, barley, cattle, goats, and sheep) were extensively distributed across Northern China around 4000 BP, leading to a massive restructuring of the agricultural structure during this time (Yuan, 2010; Dodson et al., 2013; Long et al., 2018). Wheat was introduced into the Hexi Corridor and northeast Qinghai around 4000 BP, and spread into the WLP about 3600 BP (Li et al., 2007; Yang, 2014; Dong et al., 2020a). At the same time, the human survival pressure increased, as demonstrated by the rapidly increasing population and the obvious cold-dry climate (Sun et al., 2018; Chen et al., 2020). Wheat and barley, which were more adaptable (frost-tolerant) and high-yielding, were selectively planted as the complementary crops, coupled with cattle and sheep/goat pastoral practices in the WLP (Ceccarelli and Grando, 2000; Raina et al., 2016; Jaffe et al., 2021). The prosperous millet-based agriculture was gradually lost and was instead replaced by animal husbandry with small-scale farming (An et al., 2003, 2005).

Changes in agricultural systems can often reflect social development (Fuller and Stevens, 2009). Following the establishment of the powerful state, which brought about fundamental changes in the organizational structure of human society, human survival strategies were primarily affected by geopolitical interactions, with environmental factors playing an auxiliary role (Li et al., 2020; Dong et al., 2021b). The unified cultural pattern was broken and transformed into multiple cultures after the Qijia culture (Li et al., 1993; Wang, 2012). The Siwa Culture, which formed in the middle-upper Tao River valley, collided with the Zhou Dynasty, which originated in the Central Plains, and archaeological evidence showed the coexistence of the two cultures in the WLP (Wang, 2012). In the middle of the Spring and Autumn Period, the indigenous Xirong community related to the Siwa Culture, experienced a decline following their fall to the Qin community. The northern steppe community then widely spread southward along the Great Wall and became a new Xirong community, which faced an intense conflict with the Qin community in the WLP, especially in the middle-lower HRV from 3000 to 2200 BP (Figure 4D; Chen, 2011; Liang, 2016). Cultural and commercial contacts were frequent as a result of the collision and fusion of the Qin and Rong communities in the WLP, which was widely manifested in cemetery characteristics, funerary rituals, and burial objects (Zhu, 2004; Cao, 2018; Wang, 2020). For instance, the Majiayuan cemetery represented a synthesis of Xirong, Qin, Central China, northern steppe and Mediterranean cultures (Li, 2009; Ma, 2018; Guo, 2019).

Complex geopolitical backgrounds inevitably provoked sophisticated diet patterns. The early Qin community moved westward into the WLP, under the jurisdiction of the Shang or Zhou Dynasty (Li, 2011). The isotopic results suggested that a millet-based diet was dominant in the Qin communities (such as those buried at the Maojiping site, the Sunjianantou site, and the Jianhe grave) (Ling, 2010; Wang Y. et al., 2019), which was consistent with the diet patterns of the unidentified individual and almost all pigs and dogs in this study, indicating that human and animal diets in the WLP were influenced by the Qin communities. In addition, historical documents such as the “Book of Rites” recorded that Xirong societies “wear furs with their hair down and do not eat grains” ([image: image],[image: image]) (Huang, 2017), which is consistent with the subsistence strategy of northern nomads, consuming large quantities of wheat and keeping domestic herbivores (Machicek, 2012; Fenner et al., 2014; Hermes et al., 2018). Furthermore, another human diet (YBL-M1) in this study resembled that of the northern steppe. According to these results, the Xirong communities, which likely originated in the northern steppe, might maintain their dietary patterns and exhibit a multicultural integration burial form, similar to the Majiayuan cemetery. During the Zhou Dynasty, the Xirong community converged part of the Central Plains culture and other foreign cultures, but their diet structure probably remained unchanged (Liu C, 2012; Cao, 2018; Wang, 2020). In general, human and animal diets in the WLP were influenced by Qin and Central Plains cultures as well as Xirong culture, especially under the complex geopolitical backgrounds formed in the process of intense collision and integration between the Qin and Rong communities.

The innovation of agricultural technology further promoted the development of agricultural civilization in the Iron Age (Liu X, 2012). Wheat cultivation was encouraged by governments during the Qin-Han Dynasty. However, wheat consumption was generally hindered by the traditional dietary habits until the popularization of handle mills and the maturity of wheat processing technology at the end of the Han Dynasty (Wei, 1987; Fuller and Rowlands, 2011; Chen, 2016; Liu et al., 2016b; Dong G. et al., 2017; Zhou et al., 2017). After the Han Dynasty, with the establishment of water conservancy facilities, the emergence of winter wheat and the improvement of wheat production tools (Chen, 1981), agriculture in northern China shifted from millet-based cultivation to the agricultural cultivation mode combining millets with wheat (Zhao, 2015). Meanwhile, the human diet changed accordingly (Tao et al., 2020). Human diets heavily relied on both millets and wheat, and showed obvious diversity and regional characteristics during 1000–500 BP, filling a current gap in the archaeobotanical results. Therefore, the human subsistence strategy in this period was dominated by advanced agricultural civilization and diverse dietary habits in a complex social background. In addition, migration and integration were frequent during the Song-Ming Dynasty, especially in the communities of the Central Plains and ethnic minorities with a suitable climate and prosperous Silk Road (Figure 4D; Zhou and Ding, 2006; Zhang C. et al., 2020), which also promoted the diverse livelihood patterns in the WLP.




CONCLUSION

This study analyzed the carbon and nitrogen isotopes of humans and animals from the Neolithic to the Ming Dynasty in the middle-lower HRV, and investigated a long-term diet trajectory and influencing factors of human subsistence strategies in the WLP. Our results suggest that: (1) during 5300–4000 BP, human and animal diets heavily relied on millet-based agriculture. From 3000 to 2200 BP, dietary structures tended to be complex. During this time, some people and animals still relied on C4-based foods (likely millets and millet byproducts and/or millet-based animal protein), while others consumed a certain amount of wheat and barley. Between 1000 and 500 BP, human diets were dominated by wheat and supplemented with millets and other crops. (2) The region carries dramatic cultural integration and environmental changes from the Neolithic to historical periods in the WLP, where we propose that the dietary pattern from unification to complexity and diversification was influenced by regional cultural development, complex geopolitics and agricultural technological innovation.

Based on relatively continuous isotopic evidence during the past 5,000 years in the middle-lower HRV, this study further assessed the changing patterns of human and animal diets in response to natural and social environmental changes in the WLP. This study is the first to record the human dietary structure from the perspective of isotopes during the Song-Ming Dynasty, and emphasizes geopolitics as an important influencing factor on the dietary patterns in the WLP.
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Animal husbandry has been an indispensable part of human subsistence since the origin of agriculture. Along with the prehistoric cultural exchange, several kinds of major domestic animals diffused and gradually got popularized across the Eurasia. The specific geographic setting makes the Hexi Corridor in northwestern China one of the key regions to converge various types of major crops and livestock, and to witness the deep impact of novel species on local subsistence. Archeological evidence reveals an emergence of early oriental-occidental cultural communication at the opening of the local Bronze Age in Hexi Corridor, resulting in a significant shift of local subsistence. However, due to the lack of more detailed archeological evidence, the initial timing and trajectory of the transformation of livestock feeding patterns remain unclear. In this study, we reported systematic stable isotope and precise radiocarbon dating analyses on faunal remains unearthed from Huoshiliang and Ganggangwa, two Early Bronze Age settlements (ca. 4,000–3,700 BP) in middle Hexi Corridor. Our results show distinct diversification in livestock feeding patterns at ∼3,850 cal BP; in contrast with previous periods, some omnivorous livestock appear to have consumed mainly C3 foodstuff and some herbivorous livestock primarily consumed C4 plants. Combined with published stable isotope data and other archeological findings in the neighboring region, a clearer trajectory of the evolution of livestock feeding patterns has been revealed with diversified strategy amid the transformation during the Early Bronze Age in Hexi Corridor. We argued that the alteration of the local livestock feeding pattern reflects the attempt to achieve more efficient economy and sustainable society, in order to withstand the harsh arid environment in Hexi Corridor.

Keywords: Early Bronze Age, Hexi Corridor, stable isotopes, paleodiet, human subsistence, animal husbandry, diversified management


INTRODUCTION

The origin and spread of major crops and livestock markedly changed the pattern of human subsistence during prehistoric times, which generated deep impacts on the development of human society and the interaction between the environment and humans (Diamond and Bellwood, 2003; Liu et al., 2014; Spengler et al., 2017; Revelles et al., 2018; Dong et al., 2021a). During the Early Holocene (∼11,700–8,200 BP, BP for year before present), various types of crops and livestock were domesticated in West Asia (especially wheat, barley, cattle, and sheep/goat; Bradley et al., 1998; Zeder and Hesse, 2000; Zeder, 2008; Riehl et al., 2013) and East Asia (especially foxtail millet, broomcorn millet, rice, pig, and dog; Fuller et al., 2009; Jones and Liu, 2009; Lu et al., 2009; Zhao, 2011; Yuan, 2015; Ren and Dong, 2016), respectively. These botanic and zoic agricultural elements then diffused along with the early phase of trans-continental cultural exchange in the following several millennia (Sherratt, 2006; Anthony, 2010; Dong et al., 2017; Frachetti et al., 2017; Taylor et al., 2021). The spread and popularization of domestic livestock (Ren and Dong, 2016; Hermes et al., 2020; Honeychurch et al., 2021; Wilkin et al., 2021), together with the spread of major crops (also known as food globalization; Jones et al., 2011, 2016; Liu et al., 2019a), deeply transformed the human subsistence worldwide.

The introduction of novel crops and livestock, combined with heterogeneous natural environment across Eurasia, sculpted diverse patterns of human subsistence in different regions during the Neolithic and Bronze Ages. The analysis of stable carbon and nitrogen isotopes has been proved as an effective way to reconstruct paleodiet (van der Merwe and Vogel, 1978) and provide a unique perspective on human subsistence and related behaviors, and has therefore been extensively used in previous research of prehistoric Eurasia (e.g., Hu et al., 2008; Barton et al., 2009; Motuzaite Matuzeviciute et al., 2015; Chen et al., 2016; Ma et al., 2016; Miller et al., 2019; Li et al., 2020; Wilkin et al., 2020). In particular, human behavior related to animal husbandry practices has been frequently discussed via dietary perspective in recent years (e.g., Dai et al., 2016; Hermes et al., 2019; Ma et al., 2021; Vaiglova et al., 2021). These studies of paleodiet have offered valuable insights into human subsistence strategies in the past.

Acting as the passageway between the Yellow River Basin and the Arid Central Asia, the Hexi Corridor in northwestern China is regarded as a key region in cross-Eurasian cultural exchange (Dong et al., 2017; Yang, 2017), and has therefore received attention from an array of multidisciplinary researchers. The evolution and chronology of the prehistoric cultures in Hexi Corridor have been well established (Li, 2011; Yang, 2017; Yang et al., 2019a; Li et al., 2021). In addition, a significant body of Hexi Corridor research has focused on different aspects of the past relationship between humans and the environment (Sun et al., 2010; Li et al., 2011, 2017; Zhou et al., 2012; Yang et al., 2017, 2020; Zhang et al., 2017; Shen et al., 2018; Shi et al., 2019; Dong et al., 2021b). Furthermore, reconstruction of human subsistence has been finely reported via archaeobotanic (Zhou et al., 2016; Liu et al., 2019b,c, 2021; Shi et al., 2022), zooarchaeological (Flad et al., 2007; Song et al., 2016; Yang et al., 2019b), geochemical (Dodson et al., 2009), and genetic perspectives (Xiong et al., 2022).

For dietary perspective, abundant stable isotope data from human and faunal remains in prehistoric Hexi Corridor have been published (Atahan et al., 2011; Liu et al., 2014, 2016; Zhang et al., 2015; Yang et al., 2019b; Ma et al., 2021; Vaiglova et al., 2021). Stable isotope evidence reveals a significant shift in human diet from C4 millet crops to C3 wheat and barley in Hexi Corridor during 4,000–3,000 BP (Yang et al., 2019b). The initial timing of this shift could be traced back to 4,000–3,800 BP (Liu et al., 2014), right after the introduction of these Western crops at the beginning of the local Early Bonze Age (EBA; Dodson et al., 2013). Meanwhile, a similar pattern of dietary shift in domestic omnivores (pigs and dogs) has also been detected (Yang et al., 2019b). As the local domestic omnivore usually possess a C4 dietary habit and the novel herbivorous livestock possess a C3 dietary habit, the appearance of domestic individual showing opposite diet is abnormal and worth an extra attention. Recent studies with abundant stable isotope data from Hexi Corridor faunal remains have shed light on the practice of pastoralism and localized management strategy during EBA (Atahan et al., 2011; Yang et al., 2019b; Ma et al., 2021; Vaiglova et al., 2021). However, in this study, we sought to resolve several outstanding issues regarding livestock feeding patterns, namely, (1) the implications of individual livestock with abnormal δ13C-values and (2) the initial timing and trajectory for the shift in livestock feeding patterns during EBA in the Hexi Corridor. Based on materials acquired from archeological survey, a previous study on stable carbon and nitrogen isotopes from Huoshiliang and Ganggangwa sites has effectively contributed to the investigation of paleodiet and human subsistence during EBA in Hexi Corridor (Atahan et al., 2011). However, systematic excavation is still of necessity to provide a dynamic perspective to reveal the issues mentioned above.

This study reports systematic stable isotope analysis and precise radiocarbon dating results from faunal remains unearthed during the excavation of these two EBA archeological settlements. Carbon and nitrogen isotope values were acquired for a total of 56 specimens from a range of both livestock and wild animals from these two sites. In addition to 6 dates previously reported by Ren et al. (2022), a total of 15 direct radiocarbon dates were obtained to provide precise chronology in this study. We aimed to give clearer insight into the initial timing of the previously observed shift in livestock feeding patterns, as well as the implications of abnormal δ13C-values. By combining these newly acquired data with previously published studies, we were able to use faunal carbon isotope data to more precisely reconstruct the trajectory of the transformation of livestock feeding patterns and give novel insight into the transformation of local subsistence and animal management in the Hexi Corridor.



STUDY REGION

Being located in northwestern China, the Hexi Corridor is a passageway bordered by the Tibetan Plateau on the southwest and the Gobi Desert on the northeast, which connects the Yellow River Basin at Wushaoling Mountain on the east and the Arid Central Asia at Xingxingxia Gorge on the west (Figure 1). With modern mean annual precipitation lower than 200 mm, the dominant climate type in modern Hexi Corridor involves temperate semi-arid (BSk) and temperate arid (BWk) according to the Köppen classification (Chan et al., 2016). In addition, C3 plants make up the majority of modern flora of Hexi Corridor while a few taxa of C4 plants mainly distributed in the arid zone act as supplementary (Jiang et al., 2019). Rivers originating from the Qilian Mountains of northeastern Tibetan Plateau flow into Hexi Corridor, developing bunches of oases, making the region a relatively decent habitat and transitable passageway among the arid deserts in the communication between the East and the West, especially for the ancient Silk Road. However, restricted by the low precipitation and poor land productivity, this region has always suffered from the harsh natural environment when developing economy. The Heihe River forms its channel across the middle Hexi Corridor and streams toward the hinterland of Gobi Desert, raising a bunch of oases along its valley, which provide a possible avenue linking with the Eurasian Steppes (Jaang, 2015).
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FIGURE 1. Regional map showing the geographic location of Hexi Corridor and its positional relation with neighboring geographic units. The prehistoric archeological sites mentioned in this paper are labeled in red (this study) and gray (previous studies) dots as (1) Huoshiliang; (2) Ganggangwa; (3) Gudongtan; (4) Huoshaogou; (5) Dadunwan; (6) Zhaojiashuimo; (7) Ganguya; (8) Sanbadongzi; (9) Xihetan; (10) Xichengyi; (11) Xihuishan; (12) Guojiashan; (13) Xinzhai; (14) Qipanshan; (15) Shichengshan; (16) Mozuizi; (17) Tuba; (18) Lijiageleng; (19) Shuikou; and (20) Minqinsanjiaocheng.


Huoshiliang (99.2446°E, 40.2116°N, 1,198 m a.s.l.) and Ganggangwa (99.1524°E, 40.1469°N, 1,203 m a.s.l.) are located in Jinta County, Jiuquan Region, northwestern Gansu Province (Figure 1). Situated at Jinta Basin in the middle reaches of Heihe River, these two archeological sites are identified as settlements and smelting locations of the EBA in middle Hexi Corridor (Figure 2). Standing on the intersection among the Yellow River Basin, Arid Central Asia, and Eurasian Steppes, Huoshiliang and Ganggangwa sites witnessed the emergence of prehistoric East-West cultural exchange and the opening of EBA in Hexi Corridor. In particular, the river valley of Heihe provides critical connection between Hexi Corridor and the Eurasian Steppes, making these sites pivotal stations during the prehistoric cultural exchange in northwestern China (Jaang, 2015). The geographic settings, landscapes, as well as previous archeological-environmental surveys and related studies of these two sites have been finely reported (Dodson et al., 2009; Sun et al., 2010; Atahan et al., 2011; Li et al., 2011; Zhou et al., 2016; Yang et al., 2017). As indicated by radiocarbon dating results, the age of these two sites spans from ca. 4,100 to 3,700 cal BP (Dodson et al., 2009, 2013; Atahan et al., 2011). The starting age of Ganggangwa site was reported to be slightly earlier than Huoshiliang site, reaching the transition from Late Machang Culture to Xichengyi Culture (Gansu Provincial Institute of Cultural Relics and Archaeology, 2020).


[image: image]

FIGURE 2. Images of the archeological sites and their cultural relics. (A) Aerial photo of Ganggangwa site. (B) Pottery sherds of Late Machang Culture unearthed from Ganggangwa site (T1911F2). (C) Pottery sherds of Xichengyi Culture unearthed from Ganggangwa site (T1911L3). (D) Aerial photo of Huoshiliang site. (E) Bronze slags unearthed from Huoshiliang site (T1007L3). (F) Pottery sherds of Xichengyi Culture unearthed from Huoshiliang site (T1007H33).


In consideration of achieving more comprehensive understanding on Huoshiliang and Ganggangwa sites, Gansu Provincial Institute of Archaeology and Cultural Relics launched an exploratory excavation in 2017. According to the preliminary archeological prospection, an area of 32 m2 in the core zone of each site was chosen for excavation by archeologists. During the excavation, plenty of pottery sherds, bronze slags, lithic tools, as well as animal bones, were unearthed from different archeological units, including house sites, ash pits, and burials. As indicated by the characters of typical pottery remains, the entirety of Huoshiliang and the majority of Ganggangwa belong to Xichengyi Culture of the local EBA (ca. 4,000–3,600 BP), while the early stage of Ganggangwa belongs to the Late Machang Culture of Late Neolithic Age in Hexi Corridor (ca. 4,100–4,000 BP) (Figure 2).



MATERIALS AND METHODS


Sample Selection

All unearthed animal bones were collected and cleaned for species identification. Dr. Lele Ren from Lanzhou University performed the species identification; the results were reported in another manuscript in detailed, which was submitted to the Journal of Archaeological Science and has currently been accepted (Ren et al., 2022). On this basis, we sampled bone specimens of different kinds of species from various archeological units. Bones with clearer morphological features were preferentially sampled for stable isotope analysis, which can contribute to lower the risk of misidentification of species. Even so, it is still impossible to 100% avoid such issue. Since Huoshiliang and Ganggangwa are neighboring, homogeneous and almost coetaneous to each other, data from these two sites were reported combinedly. A total of 62 pieces of animal bones from different individuals were sampled from Huoshiliang (n = 34) and Ganggangwa (n = 28) sites, including livestock (pig, n = 11; dog, n = 9; cattle, n = 6; and sheep/goat, n = 16) and wildlife (gazelle, n = 5; deer, n = 7; hare, n = 4; and bird, n = 4). Samples for radiocarbon dating were selected after the completion of stable isotope analysis such that livestock individuals with abnormal isotopic values could be targeted in addition to capturing the full stratigraphic range of the sites.



Collagen Extraction and Quality Examination

The method adopted to extract bone collagen in this study referred to Ma et al. (2016), which was modified from Richards and Hedges (1999). Bones were water washed and polished via a handheld electric grinder to remove the sediments adhered on the surface. Dense part on the bone was cut off as small fragment that weighed around 1 g for extraction. Then, the bone fragments were demineralized in 0.5 mol/L hydrochloric (HCl) solution at 5°C for more than 10 days, with refresh of the HCl solution every 1 or 2 days. When the samples were softened and stopped producing bubbles, they were washed with purified water and further reacted in 0.125 mol/L sodium hydroxide (NaOH) solution at 5°C for 20 h. After being neutralized again with purified water, the samples were placed in an acidic solution (HCl, pH = 3) at 75°C for 48 h to gelatinize, and were filtered afterward. For the final step, the samples were frozen in the refrigerator and freeze-dried in a lyophilizer, with concentrated solid collagen remained.

Rate of yield and atomic C/N ratio was utilized to examine the quality of bone collagen. With five samples experienced failure during the collagen extraction, the rest of the samples (n = 57) were weighed to calculate the rate of yield (Table 1). Content of carbon and nitrogen of all collagen samples was measured at the State Key Laboratory of Applied Organic Chemistry in Lanzhou University via an Elemental Analyzer (Vario EL Cube) to calculate atomic C/N ratios as described below.


TABLE 1. Stable carbon and nitrogen isotope and quality indicator measurements of animal bone collagen from Huoshiliang and Ganggangwa sites.
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Stable Isotope Analysis

For stable carbon isotope, δ13C-value varied significantly between C3 and C4 plants due to the different CO2 absorption during the photosynthesis. Among the major crops, wheat, barley, and rice are C3 plants while foxtail millet, broomcorn millet, corn, and sorghum are C4 plants. Such signal further transmits to animals and humans through the food chains, thus can be used as detector for diet and human subsistence (van der Merwe and Vogel, 1978), as well as the human behavior about animal husbandry practices (e.g., Dai et al., 2016; Hermes et al., 2019; Ma et al., 2021). Referring to previous study in Hexi Corridor (Yang et al., 2019b), δ13C-values of –18 and –11‰ are adopted as boundary lines for C3 (< –18‰), mixed C3/C4 (–18 to –11‰), and C4 diets (>–11‰) in this study. For stable nitrogen isotope, the proportion of 15N/14N enriches along the food chains, presenting distinct δ15N-values in different trophic levels (Lee-Thorp, 2008). However, the background value of δ15N could be raised by draught stress in arid zones, which results in notable interregional discrepancy (Ambrose and DeNiro, 1986; Schwarcz et al., 1999; Hartman, 2011).

Stable carbon and nitrogen isotope analyses were carried out at the Key Laboratory of Western China’s Environmental Systems (Ministry of Education) in Lanzhou University. Collagen samples were proceeded in an automated carbon and nitrogen analyzer linked to a Thermo Finnigan Flash DELTA-plus XL mass spectrometer. The ratios of carbon and nitrogen isotopes were calculated following the V-PDB and AIR standards using a two-point linear normalization, respectively. Graphite (IAEA code: USGS 24, δ13C = –16.0 ± 0.1‰) and caffeine (IAEA code: IAEA-600, δ15N = 1.0 ± 0.2‰) standards were used to calculate the results, with the precision of final data not exceeding ± 0.2‰. Full information is available in Table 1. Since the δ15N measurement of five samples (specially labeled in Table 1) was missed during the analysis, remedial analysis was carried out by the Beta Analytic Testing Laboratory with instruments of Costech ECS and Thermo Electron DeltaPlus IRMS; and the results were reported with the precision of ± 0.5‰. δ13C of these five samples were also measured as contrast to confirm that data from these two labs are comparable.



Radiocarbon Dating

In total, 15 collagen samples (including 6 samples first reported in Ren et al., 2022) from various archeological units were selected for radiocarbon dating in different batches to construct the chronology of these two sites precisely. Samples were sent for accelerator mass spectrometry (AMS) radiocarbon dating at Key Laboratory of Western China’s Environmental Systems (Ministry of Education) in Lanzhou University or Beta Analytic Testing Laboratory, respectively. Conventional 14C ages were calibrated with the IntCal20 calibration curve (Reimer et al., 2020) in the OxCal 4.4.4 online program (Bronk Ramsey, 2021).




RESULTS


Bone Preservation

Excluding one sample that experienced a low collagen yield (<0.5%), the remaining 56 samples yielded between 2.8 and 12.5% collagen. The yield of sample HSL-34 was too low (0.2%); thus, the data of this sample was rejected due to its poor reliability. The quality of bone after the long-term preservation in soil was tested by atomic C/N ratio. As shown in Table 1, these 56 samples (excluded five samples experienced failure during extraction and one sample with too low yield) are well preserved. The carbon content for all samples range between 41.5 and 44.1% while the nitrogen content range between 14.6 and 15.9%, generating atomic C/N ratios from 3.2 to 3.5, which fall into the acceptable range established by previous studies (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999).



Stable Isotopes

The stable carbon and nitrogen isotope data for all the individual animal samples are shown in Table 1 and Figure 3A. Data were further classified and analyzed by species (Table 2 and Figure 3B). The fauna utilized in Huoshiliang and Ganggangwa sites ranges widely in both δ13C and δ15N-values, from –22.7 to –7.2‰ with mean and standard deviation (SD, 1σ) of –15.3 ± 4.4‰ for δ13C, and from 3.0 to 10.8‰ with mean and SD at 7.7 ± 1.7‰ for δ15N, respectively. The δ15N-value of livestock ranges relatively closely, from 6.1 to 10.8‰ with mean and SD at 8.3 ± 1.0‰. However, the δ13C-value of livestock varied significantly between two groups consuming primarily C3 and dominantly C4 foods, respectively. For omnivorous livestock, more than half of the pigs (7/10) and all dogs consumed predominantly C4 diets according to their δ13C-values, while a small group of pigs (3/10) consumed mainly a C3 diet, which was analyzed separately. For herbivorous livestock, most of the cattle and sheep/goat consumed C3 or mixed C3/C4 but primarily C3 diets, with only one individual of each category consumed a C4 diet. The δ13C-value of wildlife mainly fitted with C3 diet, indicating a consuming reliance on the natural ecosystem, except for gazelles. Most of the gazelles (4/5) have mixed C3/C4- δ13C-values, indicating considerable intake of C4 plants. The δ15N-values of deer (4.2 ± 0.6‰) were notably lower than that of other species (Figure 3B).
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FIGURE 3. Plot of δ13C and δ15N-values measured from the fauna utilized by Huoshiliang and Ganggangwa sites with gray dotted lines demarcating C3, mixed C3/C4 and C4 diets. (A) Scatterplot of all animal individuals labeled as different species. (B) Scatterplot with X and Y error bars of different species while dot represents the mean value and error bar represents the standard deviation (SD, 1σ); pigs are divided into C3 and C4 groups to sharpen the distinction of their δ13C-values.



TABLE 2. Statistics of stable carbon and nitrogen isotope data reported in this study.
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Chronology

The radiocarbon dating results for the 15 directly dated animal collagen samples are listed in Table 3. Among these results, six dates with special labels were first reported in Ren et al. (2022) to represent the integral age of the faunal remains, while the other nine dates were reported for the first time in this study. Bone collagen was regarded as better material than charred wood for radiocarbon dating due to the potential influence of “old wood” on the latter (Gavin, 2001; Dong et al., 2014; Yang et al., 2019a). The conventional age of these 15 samples ranges from 3,610 to 3,480 BP, while the calibrated age 2σ ranges between 4,070 and 3,650 cal BP, basically consistent with previous studies (Dodson et al., 2009; Atahan et al., 2011).


TABLE 3. Radiocarbon dating results of animal bones excavated from Huoshiliang and Ganggangwa sites.
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The radiocarbon dating results reported in Ren et al. (2022) and this study focused on not only the starting and ending ages of the faunal remains, but also the precise age of the individuals with abnormal stable carbon isotope values. The cattle and sheep/goat individuals with C4 values, as well as two of the three pig individuals with C3 values, were chosen for radiocarbon dating. As the result shows, all radiocarbon dates of samples with abnormal δ13C-values fall into the latter half (generally later than ca. 3,850 cal BP) of the sites. Within the context of archeological features, the age of the only C3 pig individual without direct radiocarbon date falls into the latter half of the sites’ occupation, as decided by the two radiocarbon dates derived from the same archeological unit (the back fill of burial M2 in Huoshiliang).




DISCUSSION


Diversified Livestock Feeding Pattern in Huoshiliang and Ganggangwa Sites

As indicated by radiocarbon dating results and consecutive archeological deposits, animal resources were continuously utilized in Huoshiliang and Ganggangwa sites during 4,070–3,650 cal BP (calibrated age, 2σ range) (Table 3). Although the upper limit of the calibrated age 2σ approaches nearly 4,100 cal BP, the majority of the faunal remains are concentrated between 4,000 and 3,700 cal BP (Table 3), which falls into the time period of Xichengyi Culture as refined by a previous study (Yang et al., 2019a). Moreover, the two earliest conventional ages dated from surficial charcoal in Ganggangwa site reported in Dodson et al. (2009) and Atahan et al. (2011), which are nearly 100 years earlier than other results, may have been influenced significantly by the “old wood” effect (Gavin, 2001; Dong et al., 2014; Yang et al., 2019a), thus should be regarded more cautiously.

For wildlife, the relatively wide distribution in both δ13C and δ15N-values reflects their diverse habitats and diets (Figure 3 and Table 2). Stable isotope values of birds were the most distributed among the wildlife (Figure 3B), consistent with the diversified living space and varied diets of these creatures. Among wild herbivores, hare and deer present consistent diets in consuming prominent C3 plants as revealed by δ13C-values, which can reflect the C3 plant-dominated botanic situation of their habitat. However, the significant distinction in δ15N-values between hare and deer could be attributed to different extents of forest cover in their respective habitats and/or the metabolic variation under different aridity (Ambrose and DeNiro, 1986; Sealy et al., 1987; Schwarcz et al., 1999; Hartman, 2011; Hofman-Kamiñska et al., 2018), since the trophic levels of these species are similar. These hares are more likely to inhabit arid grassland, while the deer are more likely to inhabit moist forest in the piedmont of the Qilian Mountains. The gazelles presented generally mixed C3/C4 signal in δ13C-values (–15.5 ± 1.6‰), which is different from other herbivorous wildlife reported in this study (Figure 3). The relatively positive δ13C-values of these gazelles (about 3.5‰ higher than the deer and slightly higher than the cattle and sheep/goat) demonstrate notable intake of C4 plants and/or ecological influences such as the canopy effect and watering effect (e.g., Drucker et al., 2008; Wallace et al., 2013). Though some scholars argued that wild C4 plants in the arid desert constitute the C4 intake of wild herbivores in Hexi Corridor (Ma et al., 2021), it is impossible to eliminate the potential contribution of C4 crops in these gazelles’ diets. Moreover, the similarity of δ15N-values between gazelles and herbivorous livestock (Figure 3B) may also indicate their overlapped living space. A case study on African grasslands revealed that prehistoric human activity had shaped the savanna landscapes via enriching nutrient for the local ecosystem (Marshall et al., 2018), which indicates that human settlement in arid area could make the perimeter zone more nutritious for wildlife to inhabit. Furthermore, the “inadvertent baiting” from human cultivated crops on wild herbivore was hypothesized and explored in eastern North America (Svizzero, 2016; Bonzani et al., 2021), which has shed light on the relation between agricultural groups and the neighboring wild animals. Thus, we presented a conjecture that the massive cultivation of millet crops during this period around the human settlements attracted the gazelles to forage around and accidently got hunted. This speculation also describes a mutual beneficial relation between human and wildlife, though still requiring further validation.

For livestock, the δ13C-values fall into two distinct groups, while the δ15N-values are more concentrated relative to wildlife (Figure 3). Carbon isotope data suggest that all of the domestic dogs (8/8) and the majority of the domestic pigs (7/10) sampled in Huoshiliang and Ganggangwa consumed C4 diets (Figure 3 and Table 1), indicating the consumption of millet, such as millet grains, millet by-products, and/or human leftovers, which is consistent with the tradition of Neolithic cultures in northwestern China (e.g., Barton et al., 2009; Chen et al., 2016; Ma et al., 2021). For the non-indigenous herbivorous livestock, most of the domestic cattle (4/5) and domestic sheep/goat (13/14) exhibited carbon isotope values indicative of a C3 diet with a minor contribution of C4 plants (Figure 3 and Table 1). With the exception of two individuals exhibiting high δ13C-values (one cattle and one sheep/goat sample), the results are consistent with previous studies in the EBA of the Hexi Corridor and can be attributed to the consumption of wild C3 plants during herding (Atahan et al., 2011; Ma et al., 2021; Vaiglova et al., 2021). Wild C4 plants in arid desert and/or deliberate feeding of millet by-products were pointed out to constitute the intake of C4 foodstuff of herbivorous livestock in Hexi Corridor (Su and Yan, 2008; Ma et al., 2021). The δ15N-values for domestic pigs and dogs were more concentrated and slightly higher (8.7 ± 0.6‰) than values for herbivorous livestock (7.9 ± 1.2‰). The close δ15N-values between omnivorous livestock and herbivores indicate limited protein consumption by these omnivorous livestock. The broader distribution of δ15N-values for herbivorous livestock could result from grazing in different ecological zones (e.g., Pearson et al., 2007; Atahan et al., 2011) since the natural environment along the Heihe River valley as well as the surrounding regions in Hexi Corridor varies significantly from alpine meadow and coniferous forest to desert grassland and desert. The more concentrated δ15N-values of domestic pig and dog indicate a relatively unified living environment and feeding pattern adopted by local people, which might involve captive breeding and deliberate feeding.

Notably, several individuals among the livestock have abnormal δ13C-values; some herbivorous individuals (one cattle and one sheep/goat) appear to have consumed a C4 diet while some omnivorous individuals (three pigs) appear to have consumed a C3 diet (Figure 3). The C3 signal in omnivorous individuals of these two sites has been previously detected and was attributed to the consumption of wild foods (Atahan et al., 2011). The same phenomenon of C3-consuming pigs in coetaneous Xichengyi site was regarded as the result of free-ranging and/or inhabitation site raising with C3 consumption (Ma et al., 2021). However, considering the open arid modern situation and the low productivity of the ecosystem around these two sites, the feasibility of free-ranging pigs remains questionable. Moreover, the abnormal C4 signal of herbivorous livestock has not been well explained yet. It is likely that the existence of these abnormal livestock individuals relates to the transformation of animal husbandry strategies. However, some further investigation of geochemical tracing such as Sr isotope and trace element analyses on these abnormal individuals would be meaningful to examine the issue of local/extra-local provenance since the possibility of livestock’s immigration could not be eliminated.

As indicated by direct radiocarbon dating results supplementary with stratigraphic evidence, a remarkable diversification in δ13C-values of livestock during the latter half of the occupation at these two sites has been revealed. The relation between calibrated radiocarbon ages (shown as mean value and SD) and δ13C-values of the 15 directly dated samples is plotted in Figure 4. The ages of all individuals consuming abnormal diet fall into the latter half of these two sites, basically later than ca. 3,850 cal BP. Radiocarbon dating results supplementary with stratigraphic evidence also reveal that livestock consuming conventional diets existed in both former and latter halves of these two sites’ occupation (Figure 4 and Table 1). Thus, 3,850 BP is possibly the timing for the initial diversification in livestock feeding pattern at Huoshiliang and Ganggangwa sites. According to archaeobotanical findings, the latter half of the occupation at the two sites (ca. 3,850–3,700 BP) witnessed the promotion of wheat and barley cultivation in Hexi Corridor, with the proportion of these non-indigenous crop seeds reached up to roughly a quarter among all crop seeds (Zhou et al., 2016; Yang, 2017). Stable isotope evidence also reveals the consumption of C3 crops by humans since 4,000–3,800 BP (Liu et al., 2014). This evidence proves the potential for humans in the Huoshiliang and Ganggangwa sites to provide their livestock with these non-indigenous C3 crops. Furthermore, pigs consumed a similar diet to humans (Liu and Jones, 2014), and the appearance of C3 consumption in their diets was synchronous with the preliminary shift with increased C3 intake in human diets. Additionally, the individuals with abnormal δ13C-values nonetheless have δ15N-values that are similar to the majority of omnivorous livestock (Figure 3), suggesting similar living environment and feeding patterns. Thus, we speculated that the domestic pigs with C3 signal were more likely to be raised at their inhabitation site, instead of free-ranging, and were deliberately fed with C3 foodstuff, such as wild plants and/or the products or human leftovers of wheat/barley. Similarly, herbivorous individuals with C4 signal are likely to be adopted with the same management as the omnivorous livestock, including captive breeding and deliberate feeding of C4 plants, most likely the products or human leftover of millet crops.
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FIGURE 4. Plot of precise ages and δ13C-values of the 15 directly dated samples. The dot and bar represent the mean value and SD (1σ) of each calibrated age, respectively. The gray dotted line at 3,850 BP roughly divided the ages into early and late phases.


In summary, the absolute age of the faunal remains from Huoshiliang and Ganggangwa sites ranges from 4,070 to 3,650 cal BP (2σ), but are more concentrated between 4,000 and 3,700 cal BP (Table 3 and Figure 4). The appearance of both omnivorous and herbivorous livestock with abnormal δ13C-values during the latter half of the sites’ occupation reveals a diversified livestock feeding pattern adopted by humans. It is likely that some herbivorous livestock were raised at their inhabitation site and deliberately fed with millet products, while a small group of domestic pigs were deliberately fed with C3 foodstuff, involving generally wild C3 plants and/or products or human leftovers of wheat and barley. The initial timing for the diversification in livestock feeding pattern is circa 3,850 BP.



The Trajectory for the Transformation of Livestock Feeding Pattern in Prehistoric Hexi Corridor

To obtain clearer insight into the temporal variation of livestock feeding pattern in prehistoric Hexi Corridor, published stable isotope data from faunal remains (Atahan et al., 2011; Zhang et al., 2015; Yang, 2017; Yang et al., 2019b; Ma et al., 2021; Vaiglova et al., 2021) were combined with data presented in this study (Supplementary Table 1). Stable carbon isotope data from four categories of major livestock involved in our discussion were charted as box plot and distinguished via cultural affiliations of different site and the material (Figure 5). The cultural affiliations of the materials reported in their original studies involved in Supplementary Table 1 and Figure 5 were reconfirmed through published archeological excavation reports, and the absolute age of each cultural period was determined via their refined chronology (Yang et al., 2019a). According to the report of excavation in Xihetan site (Zhao, 2005) and recent archeological findings in other Xichengyi Culture sites, the cultural affiliation of this site has been refined as Xichengyi Culture (ca. 4,000–3,600 BP). The cultural affiliation of animal stable isotope data from Huoshaogou site (Vaiglova et al., 2021) has been refined as Shanma Culture referring to recently published excavation reports (Wang et al., 2019, 2021). Data collected in Supplementary Table 1 were then divided into four phases in accordance with their cultural affiliations to investigate a more detailed shifting trajectory of livestock δ13C-values. An overlap of time between phase 2 and 3 occurred due to the overlap between Xichengyi/Qijia and Siba Cultures (Yang et al., 2019a).
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FIGURE 5. Box plot of stable carbon isotope data of four major omnivorous and herbivorous livestock in prehistoric Hexi Corridor from published works (Atahan et al., 2011; Zhang et al., 2015; Yang, 2017; Yang et al., 2019b; Ma et al., 2021; Vaiglova et al., 2021) and this study (Supplementary Table 1). Data are divided into four phases: (1) Machang Culture; (2) Xichengyi/Qijia Culture; (3) Siba Culture; and (4) Dongjiatai and Shanma/Shajing Cultures.


The population of Majiayao, a type of Late Neolithic culture originated in the upper Yellow River Valley in northwestern China, is currently known as the earliest agricultural immigrants to expand westward and to enter Hexi Corridor at ca. 4,800 BP (Dong et al., 2018), brought in a pattern of subsistence that mainly engaged in millet cultivation and pig-dog feeding (Yang, 2017; Yang et al., 2019b). In the following eight centuries, the Late Neolithic culture in Hexi Corridor evolved into Banshan Culture (ca. 4,450–4,200 BP) and Machang Culture (ca. 4,200–4,000 BP) in succession (Yang et al., 2019a).

During the period of Machang Culture (ca. 4,200–4,000 BP), the eastern-originated foxtail millet and broomcorn millet were major crops and staple foods in the diets of humans and omnivorous livestock, as indicated by archaeobotanical and stable isotope data (Liu et al., 2014; Zhou et al., 2016; Yang et al., 2019b). This pattern of human subsistence was consistent with coetaneous and earlier societies in the neighboring Gansu-Qinghai region (Barton et al., 2009; Jia et al., 2013; Ma et al., 2016, 2021; Ren et al., 2020). Cattle and sheep/goat, the non-indigenous herbivorous livestock, were estimated to be introduced into Hexi Corridor during this period, though direct radiocarbon dating results were slightly younger (Yang, 2017; Yang et al., 2019b; Ren et al., 2022). The δ13C-values of these early cattle and sheep/goat revealed a C3 plant-dominated consumption, which is consistent with the natural vegetation (Yang et al., 2019b; Figure 5). The feeding patterns of both indigenous omnivorous livestock and novel herbivorous livestock during this period in Hexi Corridor are revealed to be consistent with their traditions, respectively.

The period of time during Xichengyi/Qijia Cultures (ca. 4,000–3,600 BP) witnessed the phenomenal diversification in livestock feeding patterns in Hexi Corridor, with significant expansion of δ13C-values among both herbivorous and omnivorous livestock (Figure 5). As revealed by archaeobotanical evidence, wheat and barley were introduced into Hexi Corridor and widely spread during this period (Dodson et al., 2013; Zhou et al., 2016; Yang, 2017). Charred seeds of these Western-originated crops were commonly unearthed from contemporaneous archeological sites, reaching a proportion up to circa a quarter among all crop remains (Zhou et al., 2016; Yang, 2017). Correspondingly, the contribution of C3 crops in human diet emerged and gradually increased during this period (Liu et al., 2014, 2016). The importance of herbivorous livestock also increased (Yang, 2017; Yang et al., 2019b), together with the increased practice of pastoralism (Atahan et al., 2011; Ma et al., 2021). As shown in Figure 5, the consumption of C3 foodstuff in omnivorous livestock enhanced significantly. The presence of several domestic omnivorous individuals that mainly consumed C3 plants (Supplementary Table 1) is suggestive of deliberate feeding with C3 crop by-products and/or allowing the animals to free range (Ma et al., 2021). In contrast, the general dietary shift of herbivorous livestock was not that prominent (Figure 5). Domestic herbivorous individuals with dominant intake of C4 plants are likely to be raised at inhabitation site and deliberately fed with millet products, similar to the tradition of raising pigs and dogs (e.g., Barton et al., 2009; Chen et al., 2016; Ma et al., 2021). This bilateral transformation of feeding patterns between domestic omnivores and domestic herbivores jointly constructed the diversification in livestock feeding patterns during EBA in Hexi Corridor. Combined with the result shown in this study, the initial timing for this transformation could possibly be ca. 3,850 BP (Figure 3). Moreover, the motivation behind such attempt to partly break with the feeding traditions for both indigenous and novel livestock may involve the exploration of new animal husbandry manners to realize a more efficient economy and better social sustainability, and to withstand the harsh arid living environment in Hexi Corridor.

When it came to the Siba Culture (ca. 3,700–3,300 BP), the diversification in livestock feeding pattern persisted (Figure 5). During this period, wheat and barley became the primary agricultural crops (Zhou et al., 2016; Yang, 2017; Yang et al., 2019b). Meanwhile, cattle and sheep/goat became primary livestock (Yang, 2017; Yang et al., 2019b). The consumption of C3 foodstuff by humans and livestock also increased significantly during this period (Liu et al., 2014; Yang, 2017; Yang et al., 2019b), consistent with the neighboring Gansu-Qinghai region in northwestern China (Ma et al., 2016; Vaiglova et al., 2021). As revealed by Figure 5, a reduction of C4 food consumption in domestic pigs took place. The majority of domestic pigs shifted to C3-based diets, making the C4 consumers the minority. The dietary tendency of domestic dogs during this period remains unknown due to the absence of stable isotope data. The diet of herbivorous livestock at this phase generally returned to the initial status with C3 consumption dominated. Only a single sheep/goat individual remained consuming mainly C4 plants (Figure 5) during this period, indicating the general termination of dietary diversification among herbivorous livestock.

The δ13C-values of phase 4 (ca. 3,300–2,100 BP) demonstrate generally C3-based diets among all major livestock (Figure 5). This situation is consistent with the popularization of wheat and barley, as well as the fall of millet-based agriculture in northern China (e.g., Dodson et al., 2013; Chen et al., 2015, 2020; Liu et al., 2017). The dietary shift from C4-based to C3-based among omnivorous livestock seems to have been accomplished since ca. 3,200 BP (Figure 5). Meanwhile, the diet of herbivorous livestock returned to C3-dominated as well. For the last millennium before the common era, the rise and expansion of nomadism deeply influenced the Eurasian Steppe and northwestern China (Kuz’mina, 2008). The agro-pastoral residents in Hexi Corridor established more developed pastoral economy after ca. 2,800 BP, which are known as Shanma Culture (ca. 2,900–2,100 BP) in western Hexi Corridor and Shajing Culture (ca. 2,700–2,100 BP) in eastern Hexi Corridor (Li, 2011; Yang et al., 2019a).

In summary, the trajectory for the transformation of livestock feeding patterns in the prehistoric Hexi Corridor has been revealed as follows: (1) diets of both omnivorous and herbivorous livestock conformed with their original traditions during the Machang Culture (ca. 4,200–4,000 BP); (2) during the Xichengyi/Qijia Culture (ca. 4,000–3,600 BP), the range of δ13C-values exhibited by both omnivorous and herbivorous livestock expanded dramatically, indicating a diversified livestock feeding pattern during EBA; (3) during the Siba Culture (ca. 3,700–3,300 BP), herbivorous livestock generally returned to a C3 diet, but domestic pigs continued to consume a wide array of C3–C4 food products; and finally (4) the transformation of livestock feeding patterns seems to have fully completed during the Dongjiatai and Shanma/Shajing Cultures (ca. 3,200–2,100 BP), with all four major livestock groups in the Hexi Corridor consuming C3 diets.




CONCLUSION

In this study, systematic stable carbon and nitrogen isotope analysis and precise radiocarbon dating were performed on faunal remains acquired through archeological excavation of two EBA settlements in middle Hexi Corridor, Huoshiliang, and Ganggangwa sites. In total, stable carbon and nitrogen isotope data were acquired for 56 faunal samples and 15 direct radiocarbon dates were obtained. The stable isotope results of domestic animals reveal a significant diversification in livestock feeding pattern, with some domestic pigs consuming mainly C3 foodstuff and some herbivorous livestock consumed mainly C4 plants, respectively. It seems that humans in these two sites attempted to deliberately feed some of the herbivorous livestock following the tradition in feeding omnivorous livestock; and to deliberately feed some of the domestic pigs with C3 foodstuff, possibly involving wheat/barley products. Supplemented by stratigraphic evidence, the precise radiocarbon dating results indicate that the initial timing for the diversification in livestock feeding pattern lies at ca. 3,850 BP.

Integrated with the summary of published animal stable isotope data, a vivid animation for the transformation of livestock feeding pattern during prehistoric times in Hexi Corridor was exhibited. By adopting more precise phase division, the trajectory of the transformation in livestock feeding pattern was further clarified. A notable diversification in livestock feeding pattern during EBA, which is consistent with the pattern revealed in Huoshiliang and Ganggangwa sites, has been detected. Such diversification existed in the transformation from millet-based agricultural society to wheat/barley-based agro-pastoral society in prehistoric Hexi Corridor, and possibly took place at ca. 3,850 BP. We argued that the motivation behind such attempt to partly break with the feeding traditions involves the exploration to innovate animal husbandry strategies. Such exploration may be effective to improve the economic efficiency and the social sustainability, which can help the local people to withstand the harsh arid living environment in Hexi Corridor.
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Discussions of domestication and its associated genetic traits has focused upon dispersal mechanisms, for example in the rachis structure of cereals. Here we consider another trait of importance to domesticated crops – their seasonality response. We particularly consider flowering response to changing daylength, and how that relates to domesticated species that are carried by farmers considerable distances from their regions of origin. We consider the implications of cultivating crops in regions whose seasonality patterns contrast with those of the crop’s region of origin, and consider the consequent genetic changes. Reference is made to the particular case of barley, and a discussion of archaeogenetic research into its photoperiod response mechanism is provided.
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INTRODUCTION

In many grain crops, the principal feature used to distinguish wild from domesticated forms is the loss of the plant’s pre-existing dispersal system. That ancestral system depends upon regions of stem tissue becoming brittle once grain filling has reached completion. The evolutionary loss of that attribute effects a transition between “brittle-rachis” forms, whose grains can disperse by natural means, and “tough-rachis” forms, in which dispersal depends upon human agency. As with other domestication features, the transition from a tough to brittle rachis is thought to be a protracted process; it took time for domestication phenotypes to arise and become fixed in populations. It was also largely driven by unconscious human selection (e.g., Purugganan, 2019). Within studies of the human past and crop domestication, considerable emphasis has been placed upon the brittle to tough rachis transition, and has been taken by some to mark the transition between hunter-gatherers and farmers (cf., Hammer, 1984).

Such a transition is not as singular as it may at first seem. There are other episodes in crop plant evolution in which certain genetic mutations have led to different phenotypes and a novel dependency upon human agency, as well as new opportunities for exploitation and control. Two of these episodes relate to seasonality response mechanisms by which seed plants optimize their reproduction by flowering and fruiting during the most suitable season of the annual cycle. Alterations in responses to environmental variables also have significant consequences for people-plant relationships, the topic explored in this article.



SEASONALITY RESPONSES IN PLANTS

Plant growth is sensitive to a wide variety of environmental attributes that in turn are subject to predictable seasonal fluctuation. The pattern of that sensitivity varies considerably between and within plant taxa. In cereals, changes in certain environmental variables have been shown to trigger different life stages. The best studied of these are the initiation of flowering in response to: (i) lengthening days in the spring (photoperiod sensitivity), and (ii) a period of cold temperatures in the autumn (vernalization requirement). These two triggers for plants to flower are the most discussed in literature about the effects of the environment on the spread of crops away from their regions of domestication (e.g., Turner et al., 2005; Cockram et al., 2007; Liu et al., 2017). While the phytochemistry and genetic control of the triggering mechanisms may be widely shared across taxa, in the case of photoperiod sensitivity, the critical daylengths to which they respond vary greatly among species and within the same species, allowing for a wide array of seasonality responses across different ecosystems of the world (Jackson, 2009).

Flowering at the optimal time is critical for a plant to complete its lifecycle, and in the case of agronomically important plants such as cereal crops, maximizing yield and quality. The optimal time for flowering in cereals is determined by a balance between the water required at different life stages, such as vegetative development and grain filling, and the avoidance of deleteriously low temperatures. If a plant flowers too early, especially in temperate and northerly latitudes, flowers may be damaged by frost. If it flowers too late, particularly in more southerly latitudes and continental interiors, high temperatures and a water deficit could result in restricted grain formation. Higher plants have an endogenous “circadian clock” that guides the plant as to what season it is and when is the optimal time for various transitional phases, such as flowering. This is coordinated through several interlocking gene families (Harmer, 2009). Through a variety of photoreceptors, the circadian clock senses changes in environmental variables such as temperature and light. Photoperiod-dependent flowering is regulated via the circadian clock sensing changes in daylength, Imaizumi (2010); in wheat and barley this is controlled by the circadian clock Ppd gene family (Turner et al., 2005).

As indicated above, the two most frequently discussed triggers driving flowering time are daylength and temperature. They are not the only triggers, and indeed the sensitivity of the plant to numerous factors is determined by both adaptive evolution at the genotypic level and phenotypic plasticity. The latter is defined as the ability of a given genotype to produce distinctive phenotypes under varied environments (e.g., Weiss et al., 2009). Research has show that there is enormous plasticity in flowering-time behavior among cereal crops, which ensures flowering is only induced under optimal conditions (Hill and Li, 2016). These adaptive responses differ both within and between species, culminating in a complex picture, particularly in relation to local agronomic terminologies of, for example, “spring crops” and “winter crops.” However, they are significant triggers, and ones whose genetic basis has been well studied. Two of the major gene families that control the transition from a vegetative to a reproductive phase are the circadian clock Ppd genes, relating to photoperiod response (Cockram et al., 2007; Jones et al., 2008), and Vrn genes relating to vernalization (e.g., Distelfeld et al., 2009). The focus within the remainder of this paper is upon the first of these, relating to photoperiod response, and the distinction between short day and long day plants.

Short day plants (that flower in response to a shortening of the photoperiod) across the globe include the domesticated plants: maize, Zea mays, and common bean, Phaseolus vulgaris (Central America; Bhakta et al., 2017; Brambilla et al., 2017); sorghum, Sorghum bicolor, and cowpea, Vigna unguiculata (Sub-Saharan Africa; Lush and Evans, 1980; Brambilla et al., 2017); rice, Oryza sativa and soybean, Glycine max (Southern China; Nakamichi, 2015; Choi and Purugganan, 2018); and broomcorn millet, Panicum miliaceum, and foxtail millet, Setaria italica, (North China; Doust et al., 2017). These plants are adapted to accumulate biomass over the summer season and flower later in the growing season.

In contrast to the many regions of domestication in which “short day” crop plants predominate, there is one geographical center of domestication in which a number of long day crop plants play a significant role, and that is the “Fertile Crescent” of Southwest Asia. In this region, the various species and varieties of wheat, Triticum spp., barley, Hordeum vulgare, rye, Secale cereale, oat, Avena sativa, and pea, Pisum sativum, are long day plants (Nakamichi, 2015), which flower in response to a lengthening of the photoperiod. These plants are adapted to accumulate biomass when both temperatures and insolation may be sub-optimal but at least when there is sufficient available water, which is not the case in the ensuing hot summer season. This generally means that they flower early in the growing season.

The evolutionary history of variants in these flowering-time genes is probably deep in comparison with the relatively short timescale of the emergence of agriculture in different regions of the world. For example, certain wild barley populations have been shown to possess the non-responsive allele of the photoperiod response Ppd-H1 gene, and are the ancestors of the non-responsive domesticated barley found in Europe today (Jones et al., 2008). This mutation would not have necessarily conferred an adaptive advantage in the Near East and thus may not have been selected for in early episodes of Neolithic agriculture, prior to its spread out of the region of domestication, since the seasonality of the environment prior to the spread of agriculture was broadly similar to that of the wild plant ancestors. During the Neolithic Period, however, and particularly during the subsequent Bronze Age, Old World domesticates spread significant distances from their place of ancestral origin, in some cases to regions in which the seasonality constraints would have been very different. In more temperate climes, non-responsive variants of the Ppd-H1 were better adapted to the longer and cooler summers. By the middle of the second millennium BC, such crop movement had become substantial, with the consequence that many crops were being cultivated far from their region of origin, where they continue to be cultivated today (Jones et al., 2016).



SWITCHING OFF SEASONALITY TRIGGERS AND CONTROLLING WATER AVAILABILITY

An overview of the contemporary genotypes of Old World grain crops reveals something resonant with the brittle rachis character. The tough rachis character had been selected for in the context of farming, lending farmers some control over dispersal and harvesting. Likewise, in many varieties of different grain crops, mutations in seasonality response genes that have led to the switching off of the flowering response to environmental cues have been selected within a farming context, lending farmers some control over crop scheduling. Examples of these seasonality genes being switched off have been recorded in a range of domesticated plant taxa, including maize, soybean, tomato, and wheat (Lin et al., 2021). Such crops can instead flower at various times of the year, provided sufficient biomass has accumulated, opening up new options for their exploitation within agriculture. The occurrence of mutations switching off such genes has consequently contributed toward agriculture spreading out from its regions of origin, into environments with completely different patterns of seasonality.

How advantageous these mutations might be for the farmer depends upon how much the farmer can control growing conditions. In the case of short day crops, the factor limiting growth and driving evolution of the short day response is insolation, over which farmers have very limited control. The facility to grow such crops in a “displaced” season may in principle be useful as part of a multi-cropping cycle, but those crops will be growing in suboptimal conditions. In the case of long day crops, however, one of the major factors limiting growth and driving evolution of the long day response is water, over which farmers, certainly by the Bronze Age, were able to exert considerable control, and thus maintain optimal conditions for plant growth.

The place of large scale water management in cultural evolution has a long history of study, notably in relation to the theories of Wittfogel (1957) concerning hydraulic and hydro-agricultural societies, theories which have on several occasions been revisited and reassessed (cf., Price, 1994). What remains uncontested is the archaeological evidence for significant investment in irrigation systems in various regions of the Old World from the second millennium BC onward. Those regions include Egypt, Mesopotamia, the Indus Valley and China, for each of which there now exists a significant corpus of archaeobotanical evidence for crops. One common feature clearly emerges from that crop evidence. As the second millennium BC progressed, a significant component of the crop repertoire in each of these regions comprises long day plants originating from Southwest Asia, most notably, wheat and barley.

Even before the elaborate irrigation systems that grew up during the second millennium BC around major Old World river valleys, water could have been significantly controlled by the construction of relatively small-scale ditches and dams. Water-management had been well within the reach of human control since at least the beginnings of farming. It follows that long day crops have a particular utility in water-managed systems, to which they are pre-adapted. While it is certainly the case that any crop with seasonality responses switched off can in principle be deployed to artificially extend growing seasons, it is particularly the case that long day plants are well suited to such environments, as one of the major factors limiting to growth is water, which as indicated above, the farmer may be able to control. Hence, each of the Bronze Age civilizations of the Old World that managed water to extend season length did so with long day grain crops originating in Southwest Asia.



BRONZE AGE CROP MIXTURES ACROSS THE OLD WORLD

Water management has an especially long history within Egypt (Butzer, 1976), where the early crops, in particular emmer wheat (T. dicoccum) and barley, originated from neighboring Southwest Asia. This cultivation within Egypt of emmer and barley is contemporaneous with another long episode of plant exploitation further south within the Nile Valley in modern day Sudan. Here, the economic plant is a short day plant, sorghum, and the general consensus is that it lacks traits associated with domestication; it may be cultivated, but is morphologically wild. Whatever its domestication/cultivation status, sorghum does not make an appearance as far north as modern day Egypt until the 8th century BC, at the site of Qasr Ibrim in lower Nubia (Deakin et al., 1998). By this time, there is another short day cereal recorded at the same site, originating from much further afield. Panicum miliceum or broomcorn millet was domesticated in North China, but forms and remains part of the Qasr Ibrim crop repertoire for several centuries (Clapham and Rowley-Conwy, 2007).

Not surprisingly, the irrigation-based societies of Bronze Age Mesopotamia also rely primarily on Southwest Asian domesticates, again emmer wheat and barley. Here too, the North China domesticate broomcorn millet has been recorded, on the basis of phytolith evidence, from the mid-second millennium BC site of Khani Masi in Northern Iraq (Laugier et al., 2022).

It is in peninsular India that the most significant reception from other regions of short day crops is seen, alongside the more familiar reception of Southwest Asian long day crops. For the third and second millennia BC, Fuller (2005) lists a wide range of crop taxa assembled within farming systems, originating from Southwest Asia, Africa, China, and the Indian region itself, comprising sorghum, ten species of millets, and several pulse crops, oilseeds, gourds and cucumbers.

In Bronze Age China, a range of indigenous short day crops, including broomcorn and foxtail millet, rice and buckwheat are joined by elements of the Southwest Asian long day suite of crops, notably wheat and barley, by the third millennium BC (Liu et al., 2017).

In summary, agriculture in many regions of the Old World, prior to the thirrd millennium BC, is characterized by crops being cultivated relatively close to their regions of origin, sometimes displaying full morphological domestication, other times wild or intermediate forms. As well as being close to their ancestral region, they were typically cultivated close to their ancestrally optimal season. In other seasons, other forms of food acquisition are repeatedly attested including foraging, fishing and hunting. At various stages during the third and second millennia BC, the focus upon the cultivated field extends in time across the farming calendar. An enlargement of the annual cycle of crop cultivation is facilitated by the cultivation of crops far from their regions of origin. The translocation of long day plants is particularly amenable to management in societies that exert considerable control over water supplies. The addition of adaptable crops to such an anthropic system of multicropping are those that have, at some stage, acquired mutations in flowering-time genes that allow crops to flower later in the growing season (Liu et al., 2017, 2019).



MECHANISM OF SELECTION AND ITS UNINTENDED CONSEQUENCES

Views have varied upon how much domestication depended upon conscious or unconscious human action (e.g., Zohary, 2004; Abbo et al., 2012; Larson et al., 2014). Some models have envisaged the first farmers having something in common with more recent breeders, selecting and nurturing chosen traits from generation to generation. An example of this could be the selection of glutinous grains of rice (Fuller and Rowlands, 2011). Others have inferred from the very slow timescale of the fixation of observed domestication traits that unconscious selection would have played a more significant role than sentient choice. In the context of transition between brittle rachis and tough rachis forms, plausible arguments for both conscious (e.g., Tzarfati et al., 2013) and unconscious selection (e.g., Purugganan and Fuller, 2011) may be envisaged. However, the transition from photoperiod-sensitive to photoperiod-insensitive crops is far more likely to have resulted from unconscious selection. Translocation across continents did not invariably entail translocation across latitudes, but when it did, evidence shows that there was selection pressure in favor of forms that are photoperiod insensitive (Lister et al., 2009, 2018).

An analogy may be the 19th century introduction of Turkey Red Wheat to the High Plains of North America. The primary driver of wheat cultivation in Kansas and neighboring states was cultural; Turkey Red was the seedcorn that Mennonite immigrants brought from Russia in the 1870s with only limited knowledge of the environments to which they would arrive, and for a number of decades would farm. Scientific breeding would not come to these crops for another generation, so it was primarily the perseverance of the Mennonite settlers that established the crop, now ancestral to many important varieties within the North American wheat belt (Quisenberry and Reitz, 1974).

A similar perseverance in displaced environments could generate the selection pressure that might lead to photoperiod insensitive forms. Once established in crop populations, they could be employed to extend the growing season of multi-cropping systems. The fixation of this photoperiod insensitivity trait had other unintended consequences. As well as allowing the cultivation of crops within a displaced season, it also allowed their cultivation within a displaced latitude, the axis upon which seasonality is most dependent. The archaeological and genetic evidence for barley illustrates this point.

Barley was domesticated in the Near East approximately 11,000 years ago. Wild barley is a short day plant and predominantly possesses the photoperiod responsive variant of the Ppd-H1 gene. This is an adaptive advantage in the range of wild barley in the Near East, where summers are hot and dry (Jones et al., 2008). For example, Jones et al. (2008) demonstrated that the non-responsive form of the Ppd-H1 gene originated in certain populations of wild barley, (H. vulgare subsp. spontaneum) and that the non-responsive form (ppd-H1, Group A) originated from wild barley, rather than one type evolving from the other as a result of mutation during dispersal of landraces in Europe. It is thus possible that mutations in other genes involved in flowering time could also be present in wild progenitor populations. Cultivated barley spread beyond the region of domestication and into Europe, reaching the Balkans by 6,000 BC, then spreading outwards via two principal routes, one via the loess soils of the Rhine and Danube river valleys, and into the North European Plain, and the other along the Mediterranean coast via Italy and the Iberian peninsula, and into northern Europe (Barker, 1985; Price, 2003). The dating evidence has been taken to indicate delays at certain localities along the spread of agriculture. Such a delay at the southern edge of the Scandinavian basin was possibly the longest; agriculture appeared to halt for a period of 500–1,000 years until 4000 BC before being adopted in Ireland, Britain, and Scandinavia (Bogucki, 2000). The northerly spread through Scandinavia was slow, reaching the far north by ca. 500 BC. Barley, one of the most adaptable cereals, could be cultivated within the Arctic Circle, at latitudes of up to 70° (Vorren, 2005). These delays in the spread of agriculture were may be due to the slow assimilation of agricultural practices by existing indigenous human populations, to the time taken for crops to adapt to novel environments, or some combination of both factors.

As agriculture spread into northerly latitudes, where summer drought was no longer a problem, flowering early in the season became maladaptive. A recessive ppd-H1 allele, which switched off flowering in response to long days, prevailed in these northern climes (Jones et al., 2008), enabling spring-sown barley, over the long summer season, to build biomass before flowering. The prevalence of the insensitive ppd-H1 allele increased as barley cultivation spread further north. This latitudinal cline observed amongst landrace accessions by Jones et al. (2008) is even more pronounced in material from historical accessions, which extend into the Arctic Circle (Lister et al., 2009). The authors of this study propose that the cline observed in historic material has been “overstamped” by more recent crop movements. The data in these two studies suggest that the switching off of this gene played a key role in the most northerly cereal cultivation of all.



CONCLUSION

Much of the focus within domestication studies has concerned stem morphology and its consequences for harvesting technique. There are other trait shifts in the evolution of people/plant relationships, also with significant impact upon those relationships, among which photoperiod response is a notable example. Just as evolutionary shifts in stem morphology were central to the shift from foraging to farming, so were subsequent evolutionary shifts in photoperiod response central, both to the emergence of complex hierarchical civilizations, but also to the spread of agriculture across the latitudinal range of the globe.
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Rice is currently the staple food for over 3.5 billion people and is arguably the most important crop exploited by humans. Understanding how we came to the point where a single crop dominates the lives of almost half of the Earth’s population has major significance for our future, even more so given the climatic instability we face today, as rice is a cereal that is dependent on water to an extreme degree. In this study, the nature of early rice agriculture in South Asia is explored, looking at how this critical crop may have begun to be exploited, cultivated, and then brought under agricultural regimes during the long span between c.6500 and 1500 BC. There is now clear evidence for early Holocene cultivation of rice in the Middle Gangetic plains of northern India, but there is still considerable debate about the timing of when this cultivation began and whether it involved domestication of rice. By 3200 BC, however, rice agriculture was present outside the Ganges in the Indus Civilization. The data show accelerated domestication in the Indus environment and agricultural systems that played a part in later hybridization with the arrival of Chinese rice. Understanding how this move from its place of origin to a new environment may have become entangled in the domestication pathways of South Asia rice prior to the arrival of Chinese rice c.1500 BC are important to the overall rice story, as they play into modern concerns relating to biodiversity and different ways of growing and watering rice.
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INTRODUCTION

The process of rice domestication and the social and economic implications of its early use remain hotly debated. Modern domesticated Asian rice, Oryza sativa L., which can be subdivided genetically into subspp. indica, japonica, and aus (Grist, 1965; Chang, 1976; Oka, 1988; Garris et al., 2005; McNally et al., 2009; Schatz et al., 2014; Civáň et al., 2015; Travis et al., 2015; Choi et al., 2017), has a complex history, as it is the product of repeated instances of hybridization1.

While there has been considerable discussion on the origins of rice agricultural systems in China (the japonica story), the story of rice in South Asia remains less clear. The ancestor for indica (proto or otherwise) is nivara, a type of wild rice that originates in the Gangetic Plains of northern India. There is evidence of early Holocene cultivation of rice in the Middle Gangetic plains of northern India, but there is still considerable debate about the timing of when this cultivation began and whether it was entangled with the domestication of rice.

This region currently relies heavily on rice as a staple food, as does much of the world. Rice is currently the staple food for over 3.5 billion people and is thus arguably the most important crop exploited by humans. It is estimated that, by 2050 (relative to 2018), the amount of rice needed to sustain current demand will have to increase by 25%. Modern rice agriculture is based on a limited number of highly intensive water-demanding systems. As Consultative Group for International Agricultural Research (CGIAR) has pointed out, the heavy water footprint and resource-intensive nature of rice agriculture today needs to change as it is not sustainable. This creates a central question for those involved in both the archeology of rice agriculture and sustainability studies and Anthropocene debates (among others): How does a single crop attain such a predominance in our daily diets and lives and come to shape the land use, subsistence, foodways, cultures, and perhaps even climate and environment of much of planet?

In this study, pathways to rice domestication and the diversity of agricultural strategies that accompany this are explored. Rather than focusing on the Chinese japonica narratives and the later hybridization of japonica in South Asia c.1500 BC, this study adds to the debate instead by outlining how the pathways to rice domestication in South Asia c.6500–1500 BC have been researched in light of agricultural and cultivation systems and how new data from multiple proxies and new regions can and are not only being used to fill in gaps in our narratives but are also raising new questions. While rice use in South Asia began in the Ganges, new data from the Indus Civilization to the west of the Gangetic region, once described as an area familiar with but not focused on or perhaps even unwilling to adopt rice agriculture (Fuller and Madella, 2002), encourage us to ask new questions about how the use of this novel plant in new agricultural systems outside its native ecology may have impacted the domestication pathways of rice before the arrival of the fully domesticated japonica (Figure 1). The Indus Civilization covered an area that is today modern Pakistan and northwest India and stretched up to Afghanistan. It was one of the Old World Bronze Age civilizations with an established agricultural system that had roots stretching back to the Neolithic of Mehrgarh. Crops included Near Eastern wheat, barley and winter pulses, South Asian native millets and pulses, and African pulses and millets, as well as a variety of oil/fiber crops and fruits (see Pokharia and Srivastava, 2013; Petrie and Bates, 2017; Bates, 2019a).
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FIGURE 1. Map of sites discussed in this study. (1) Bahola, (2) Balu, (3) Banawali, (4) Chopani Mando, (5) Dabli vas Chugta, (6) Damdama, (7) Farmana, (8) Harappa, (9) Hetapatti, (10) Hulas, (11) Jhusi, (12) Kanmer, (13) Koldihwa, (14) Kunal, (15) Lahuradewa, (16) Mahadaha, (17) Mahagara, (18) Masudpur I, (19) Masudpur VII, (20) Pirak, (21) Rangpur, (22) Sarai Nahar Rai, and (23) Senuwar 2.


To this end, the study asks the following question: What role could introducing a wild/semi-domesticated type of rice into agricultural systems in novel ecologies of the Indus region have had on the overall domestication pathways of nivara and (proto-) indica? By focusing not just on the earliest instances of South Asian rice use, it will expand the horizons for understanding this complex cereal. In addition, the diverse and alternative agricultural methods exploited along the pathways to domestication could provide ideas for the future to help us move away from the restricted and harmfully intensive systems that are used in recent times.

Besides thinking about the impact of new agricultural environments on rice domestication in South Asian prehistory, the study also asks the following question: What data are available to think about early South Asian rice use, and do the different proxies used to think about rice domestication create different narratives about rice domestication? Why are these narratives sometimes at odds with one another, and what additional data are needed to fill the gaps in our existing datasets and bring the narratives into consensus with one another?

The study is structured around the proto-indica hypothesis debate, which is introduced briefly before being unpacked through a discussion of the ecological variability of wild rice and the impact of this on narratives on rice domestication. The types of data used in Gangetic rice reconstructions are then outlined, followed by a review of the diversity of proxies and data (biogeographic distribution, genetics, and archaeobotany) used to build different hypotheses. Indus archeobotanical datasets are then introduced, and how rice has been theorized within these datasets, followed by rethinking and retheorizing of early rice domestication in light of niche construction theory in novel environments. The study is concluded by considering not only the role of novel Indus agriculture and ecological settings and different proxies on our understanding of early rice domestication pathways in South Asia, but also the implications the different narratives have for thinking about rice agricultural intensification in later historic and even modern settings.

Through this review, the study addresses the gap in the archeological record by exploring how South Asian rice grew, how and why it was incorporated into local gathering and cultivation systems, how much of the local dryland agricultural systems were retained when paddy/wetland rice was introduced, and how the nuanced agricultural systems of the Indus and Ganges were entangled within this past, present, and future. In doing so, the implications that this understanding has for the variation we have lost in our modern agricultural systems are considered.



THE PROTO-INDICA HYPOTHESIS: INTRODUCING THE DEBATE

Japonica rice cultivation began in the Yangtze Valley in c.9000 BP (Fuller et al., 2009, 2010; Gross and Zhao, 2014; Allaby et al., 2017; Gutaker et al., 2020) based on archeobotanical data, and we can also see that key genes associated with domestication were fixed in the population as a result of previous studies (Fuller, 2011; Huang et al., 2012; Silva et al., 2018; Gutaker et al., 2020). However, hybridization between japonica and another rice, the South Asian indica, is the reason we have our modern rice (Fuller et al., 2010; Gross and Zhao, 2014; Silva et al., 2018), with later developments leading to other sub-varieties and subspecies. The two types, japonica and indica, have two clearly distinct wild sources as shown by both chloroplast genes (Tang et al., 2004) and nuclear genome data (e.g., Ohtsubo et al., 2004; Vitte et al., 2004; Londo et al., 2006; Kovach et al., 2007; McNally et al., 2009; He et al., 2011; Civáň et al., 2015; Choi et al., 2017).

The origins of indica, unlike japonica, are debated, and a prominent hypothesis that has arisen is the “proto-indica hypothesis” (Fuller et al., 2010; Fuller, 2011; Castillo et al., 2015; Silva et al., 2018). The hypothesis argues that the “independent rice tradition in north India […] never […] proceeded on its own to full domestication” until the arrival of japonica rice in the second millennium BC (Fuller, 2011, p. 82). It proposes that, while a semi-domesticated type of rice existed in South Asia prior to 2000–1500 BC, it was not fully domesticated and that it required Chinese domesticated japonica genes to reach full domestication. This semi-domesticated indica ancestor, proto-indica as Fuller et al. (2010; see also Fuller, 2011; Castillo et al., 2015; Silva et al., 2018) termed it, was under pre-domestication cultivation. By back-crossing and transference of domesticated traits with fully domesticated japonica, indica evolved (Fuller et al., 2010; Fuller, 2011; Castillo et al., 2015; Silva et al., 2018). Originally, Fuller et al. (2010) placed the hybridization event at c.1500 BC, but more recently, Silva et al. (2018) suggested that we might need to move this back to c.2000 BC. The hypothesis was developed out of a slightly different idea from Sang and Ge (2007), who proposed that two separately domesticated rice lineages later exchanged domestication genes; however, Fuller et al. (2010) regarding the proto-indica hypothesis argue that, rather than two fully domesticated rice lineages hybridizing, wild/semi-domesticated indica was hybridized with the fully domesticated japonica.

Some genetic data support the proto-indica hypothesis [refer to Sweeney et al. (2007) on pericarp mutations and summaries in Silva et al. (2018)] as this study will unpack and suggest that there was a hybridization event between japonica and (proto-)indica at the start of the second millennium BC (Molina et al., 2011; Castillo et al., 2015; Silva et al., 2018). However, controversy arises from other genetic data and the archaeological record (unpacked below) regarding what exactly the domesticated japonica was meeting. It remains an open question as to whether the rice in South Asia from c.2000 to 1500 BC was a wild/semi-domesticated or fully domesticated type. This relates to what kind of exploitation of rice (nivara, indica, or proto-indica) was occurring in the period between the first exploitation and the arrival of japonica in the second millennium BC and how the domestication pathways of rice in the period of the 7th millennium to 2nd millennium BC unfolded, and within this, water was a key component of the system.



DRY VERSUS WET RICE: ECOLOGICAL RESPONSE TO DROUGHT STRESS

Water is a critical variable in modern rice agricultural systems (White, 1995) and in narratives on rice domestication. There are numerous ways rice can be grown; Kingwell-Banham (2019) outlines the spectrum ranges across the dry to the wet systems. Dry systems can be defined as those systems using < 800 mm of water, while wet systems are those using > 1000 mm, although there is a bit of a blurred zone in between (Kingwell-Banham, 2019). Within this spectrum, there are ways that one can grow rice by manipulation of water and the agricultural environment: dry-upland systems, dry-groundwater fed or lowland rainfed systems; wet flooded or decrue systems, paddyrice, and deepwater rice. Each system exploits and manipulates the water environment of rice, changing the ecology around it (Figure 2).
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FIGURE 2. From Kingwell-Banham (2019, Figure 3) “rice cultivation systems classified according to elevation and water availability, with example weed profiles (as per Fuller et al., 2010).” This shows the wide range of ecological settings for rice, and the diversity of weed ecologies that can cohabit them. This Figure has been reprinted following a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), and has been reprinted following the study of Kingwell-Banham (2019) Dry, rainfed or irrigated? Re-evaluating the role and development of rice agriculture in Iron Age-Early Historic South India using archeobotanical approaches. Archaeological and Anthropological Sciences (https://doi.org/10.1007/s12520-019-00795-7).


This is particularly relevant to the domestication narrative, as wild rice yields are linked to mild water stress. When seasonally water-stressed, the plant produces greater yield. The extent humans can use this, however, is related to the species of rice present, its native habitat, and its sensitivity to water stress. The two wild rice species of relevance for this study are nivara and rufipogon (refer to Oka, 1988; Vaughan et al., 2008a; Choi et al., 2017; for details on genetic discussions).

Nivara is the wild rice of South Asia. It is an annual grass of seasonally monsoon-inundated ponds and produces high grain yields when the monsoon ends. The natural stress response to a natural drying trigger has led to Fuller and Qin (2009), p. 90) and Fuller (2011) arguing that it would not only have been an attractive high yield resource but that there would have been little need to artificially stress the plant to make it produce more grains as the seasonal nature of the water environment already did that. Ethnographic data also suggest that nivara is harvested in its wild form at present by gathering bundles of panicles together in their immature form to reduce loss of grains due to shattering, thus potentially reducing selective pressures for non-shattering grain types (Fuller and Qin, 2009). The high productivity and predictability of nivara meant that it could be effectively exploited in its wild state (Fuller and Qin, 2009). This would have discouraged intensive cultivation and, therefore, any selective pressures being placed on it by people would eventually lead to domestication.

We can place this hypothesis in contrast with that proposed for wild rice in China, rufipogon. As a perennial grass that grows permanently on wet soil, often far from shore, it produces unpredictable yields year by year, as the water stress that encourages yields is not regular or constant (Fuller and Qin, 2009, p. 90). In addition, it can reproduce through grains or by tillering. Vegetative growth is often more common than grain production (Fuller, 2011, p. 80), and it only prefers to make more grains if there is a drought. Based on this ecological response to drought stress, Fuller and Qin (2009), p. 90) and Fuller (2011, p. 80) have argued that humans could have manipulated soils and water conditions to create an artificial drought at a certain point during growth, thus forcing the plant to favor grain over vegetative tissue production, and to ensure a reliable and predictable yield. The added benefit is that, in order to stress the plant, it would need to be closer to shore, making it more accessible and easier to use. Fuller (2011) argues that over time this would have led to selection for annual, higher-yielding, larger-grained plants and eventually to full domestication as japonica rice by entanglement of human choices, ecological manipulations, and plant responses and needs.

Therefore, while Chinese rice required domestication of rufipogon to japonica through change in its water requirements and habitat in order for it to be a profitable crop, Indian nivara rice could be harvested without any intensive cultivation or selection by habitat alteration (Fuller and Qin, 2009; Fuller et al., 2010; Fuller, 2011). This is, however, a hypothesis based on ecological requirements of and reactions to water conditions of wild rice taxa, with some ethnographic data to support it. It needs support from archaeobotanical data to show that people in different places with different taxa were interacting differently with these taxa, that the way rice changed was different depending on the taxa and the ways people were manipulating the growing conditions to alter yields, and that this all occurred simultaneously. While increasingly we see this kind of evidence occurring in China (e.g., Zheng et al., 2007; Fuller and Qin, 2009; Fuller et al., 2009; Zhang et al., 2012; Deng et al., 2015; Crawford et al., 2016), the data for early rice use from South Asia are less clear, as this study outlines, and consideration of what is actually happening in terms of the rice and its cultivation/agricultural setting is needed to test the proto-indica hypothesis.



ORIGINS OF RICE IN THE GANGES

Water is an important factor in rice ecology, but it is also important to other plants and animals, and in the Gangetic region of north India, it was a key element in the Mesolithic way of life. We see early Mesolithic sites located on or near water bodies. Sites like Lahuradewa were located on lake edges, while others like Chopani Mando were located on the banks of rivers (Pandey, 1990; Pal, 2016). The wetlands acted as the nexus of floral and faunal resources, taking advantage of water and fertile lands. While Mesolithic Lake Culture peoples were not specialized fisherfolk and were instead focused on broad-spectrum hunting strategies (Pandey, 1990), aquatic resources would have been an important and seasonally stable resource (Pal, 2016). Dentition microwear from human remains and the lithic microwear show a coarse diet consistent with hunting, foraging, and gathering (Lukacs and Pal, 1993; Lukacs, 2016), which is reflected in zooarchaeological and archeobotanical remains. At the site of Mahadaha and Damdama, wild cattle, gaur, nilgai, chital, hog deer, wild pig, hippopotamus, and a variety of wet-land bird and reptile species have been identified (Chattopadaya, 2002; Joglekar et al., 2003; Pal, 2016). Pal (2016) notes that the microwear analysis on lithics shows diversity of materials being exploited, from hides to meat to plant matter to bone, antler, and wood. The wetlands were the natural habitat for wild nivara rice, and it is unsurprising then that these are areas where we find the earliest dated rice in South Asia2.

The earliest evidence for rice use is dated to 6409 BC (8359 cal BP) at Lahuradewa in the Middle Ganges (Tewari et al., 2008, p. 350) in the form of charred grains. There has been some suggestion that rice use may stretch as far back as the 8th or 9th millennium BC (PRL3031 9570 ± 120 uncal BP, Tewari et al., 2008), but these dates are disputed (refer to Fuller et al., 2010), and it is more generally accepted that occupation and incipient rice use began at Lauhradewa in the 7th millennium BC (Tewari et al., 2003, 2005, 2006; Saraswat, 2004, 2005; Singh, 2005a,b; Pokharia, 2011).

Charred rice grains (n = 26; Tewari et al., 2008) were found in the earliest phase of Lahuradewa, site phase 1A. Tewari et al. (2008) have suggested that this rice was domesticated based on morphometrics of the grains, but this has been contested (e.g., Fuller et al., 2010; also refer to the detailed blog discussion that Fuller outlined in 20093). Grains are not a particularly diagnostic feature in rice domestication (Thompson, 1996; Harvey, 2006); instead, other features like changes in the spikelet base shattering structure would provide more secure evidence. As a result of this, Fuller et al. (2010) have argued that the grain morphometrics at Lahuradewa overlap with those of wild rice and that the rice exploitation at Lahuradewa represents not agriculture using domesticates but part of (perhaps the beginning of) the long history of wild rice use/cultivation in South Asia. The nuances of terms like “agriculture:” and “cultivation” and their theoretical baggage will be unpacked below.

Four spikelet bases were found at Lahuradewa in the early levels that Tewari et al. (2006, p. 49, 2008; refer also to Tewari et al., 2008; Pokharia, 2011) contest are domesticated in form. However, this was an extremely low number of spikelet bases, even if they do have attached chaff and grains that are still intact, suggesting good preservation. This tiny data set is difficult to use to argue anything, and a study on other small botanical objects has shown that things of this tiny size can move profiles up and down (Motuzaite-Matuzeviciute et al., 2013). Five hundred-μm spikelet bases may be contamination from later levels; more are needed to make a stronger argument related to both the overall domestication status of rice at the site and especially to any domestication pattern in the region over time (cf. Fuller et al., 2010). Fuller, in his 2009 blog post (see footnote 3), made the point that the Figures from Tewari et al. (2008), rather than showing domesticated type bases, appear to show immature spikelets with long rachilla still attached as a key feature (e.g., Tewari et al., 2008, Figure 16.3), while others shown in the Figure were of wild types. This combination of wild and immature types is not indicative of a domesticate harvest or a domestication process but instead a wild cultivation practice targeting grains that do not fall off the panicle easily. This could lead, through unconscious selection biases, to domestication, but, in itself as a small dataset (n = 4), it does not indicate domestication (let along domesticates). In addition, with his critiques of the grain morphometrics [stated in both the blogpost and in peer-reviewed articles like Fuller et al. (2010) among others] and the contention that the husk fragments and impressions in ceramics showing a domesticated double-peak husk pattern (see Tewari et al., 2008) have not been tested by other datasets of modern experiments, Fuller argues that the data at Lahuradewa are not evidence for early domestication, domesticated and extension agriculture, but instead for wild cultivation. I am inclined to argue that what we see is the beginning of a long process of the domestication pathway, with selection of immature grains by green harvesting that could lead to domestication, making Lahuradewa an exciting site in the rice story for South Asia.

Beyond macrobotanical remains, phytoliths were used to support arguments about rice domestication and use at Lahuradewa. Rice phytoliths were found in lake cores at Lahuradewa (Tewari et al., 2008). Tewari et al. (2008) argued that these included a mix of “wild types” in the earliest parts of the core alongside “domesticated types” c.7010 ± 170 BP (Tewari et al., 2008) and that this continues throughout. However, determining wild/domesticated rice from phytoliths is not simple. There have been arguments for the use of scale presence on bulliform phytoliths to look at domestication; bulliforms with more than nine scales on the lateral side and of a large size have been argued to be of a domesticated type (Zheng et al., 2003; Lu et al., 2008; Wu et al., 2014; Ball et al., 2016; Ma et al., 2016; Zuo et al., 2017), but this has been shown to be complicated by the variable reactions that phytoliths have to changes in evapotranspiration rates and CO2 concentrations (Ge et al., 2010; Issaharou-Matchi et al., 2016). Caution is therefore needed before using rice phytoliths to look at domestication (Pearsall et al., 1995; Fuller and Qin, 2009; Gu et al., 2013). The sample location, the lake adjacent to the site, is also not directly linked to human occupation activity or levels in the site. The core has been dated, but determining whether phytoliths show a background signature of rice presence in the environment or human use of phytoliths is complicated by the sample location, the natural habitat of nivara rice.

Lahuradewa is often cited as the best evidence for early rice use regardless of which side of the domesticated/wild argument one falls on, but similarly early finds of rice have been made at the Mesolithic sites of Damdama (Kajale, 1990) and Chopani Mando (where rice grain impressions in pottery have been identified (Sharma and Misra, 1980) and are suggested as wild-type) and, slightly later, at the Neolithic sites of Jhusi and Hetapatti (Sharma and Misra, 1980; Varma et al., 1985; Kajale, 1990; Pal, 2008, 2016). Again, the dates from these sites have been debated (Fuller et al., 2010). Lahuradewa phase 1B rice was an established and dominant part of the archeobotanical assemblage at the site. Rice, regardless of its domesticated or wild status, became critical to the economy of the people (refer to Pokharia, 2011). The domesticated status of the rice, however, in 1B faces similar challenges that the rice from the earliest phase does: low numbers, reliance on morphometrics, and few spikelet bases. Non-native crops appear in phase 1B including wheat, barley, and lentils, non-native animals such as sheep/goat are also present, and Indus-like ceramics are seen (dish-on-stand shapes for example) (refer to Tewari et al., 2008; Pokharia, 2011). The barley at the site has been dated to 4300 years BP (Tewari et al., 2008; Pokharia, 2011), and overall, phase 1B dates to 4170 ± 180 BP (cal. 2700 BC) (Pokharia, 2011).

Exactly what the systems of exploitation were in the Ganges during this Mesolithic period remains an area that needs further exploration. As noted in hypothetical scenarios laid out by scholars like Fuller and Qin (2009), Fuller (2011), and Kingwell-Banham (2019), we can see the importance of understanding whether the water environment was being manipulated or not, whether rice gathering was being intensified, and whether cultivation strategies were being introduced that might have changed the way the rice was growing and the conditions it was growing. It is not until we get to the third millennium BC that we have discussions about such patterns occurring, and this is outside the natural growing range of nivara rice, far to the west in the Indus Civilization (Bates et al., 2017a; Petrie and Bates, 2017) and slightly later in the second millennium at sites in the Middle Ganges like Senuwar 2, Koldihwa, and Mahagara (Harvey et al., 2003; Harvey and Fuller, 2005; Harvey, 2006; Fuller et al., 2010). How this movement outside the natural ecological setting and environment of wild rice impacts rice domestication needs to be explored further, but first it is important to lay out what kinds of data have been used to think about the South Asian rice story and how this impacts the coherence of any narratives being formed.



THE GAP BETWEEN DATASETS: HOW THE DIFFERENT PROXIES USED IMPACT THE NARRATIVES FOR SOUTH ASIAN RICE

Vaughan et al. (2008b; refer also to Vaughan, 1994; Gao, 2003; Vaughan et al., 2005; Sang and Ge, 2007) have outlined the biogeographic distribution of modern nivara rice. As an annual type of rice that inbreeds frequently, nivara has a fairly restricted distribution and is most common in regions of South and Southeast Asia with strong dry seasons. These regions tend to feature grasslands with seasonal pools where nivara is found at the margins of the pools or water. Nivara also tends to be found in disturbed habitats (Vaughan et al., 2008b), as these water-marginal regions are loci where multiple species congregate for water and exploit wetland resources. Vaughan et al. (2008b) even go as far as suggesting that nivara’s focus on seed production over vegetative production, as well as being water-stress related, may be linked with trampling and over-grazing.

Highlighted as regions of nivara growth are the Yamuna and Ganges basins, the east coast of South Asia, and some more patchy regions of the west coast (Vaughan et al., 2008b; also refer to Fuller et al., 2010). Fuller et al. (2010), however, note that modern distributions of wild rice are likely not to fully represent ancient distributions as climate change and human agriculture (particularly post the Green Revolution) as well as other land uses will have altered these. The changes in these regional distributions are not likely to have been expansions but shrinkages, and therefore what this suggests is that the Ganges-Yamuna floodplains are likely to be a region where early rice exploitation could have begun, as wild rice is still found there today and would likely have also been present in the past. Extending west beyond these is unlikely because of environmental constraints: temperature and rainfall differences as well as wetland differences suggest that the regions to the west in places like the Indus river basin and the interfluve are not particularly suitable for wild rice. There is also a lack of wild rice progenitors in the area. Even with Fuller et al.’s (2010) caveat of altered distributions due to climate change and agricultural land use alterations, it does not seem likely that any shrinkage in natural distribution would have led to there being a wider distribution of nivara to the west. Rice being used in the Indus region seems to be unlikely to have been occurring outside of an agricultural setting with a (semi-) domesticated species.

Genetic evidence for early rice domestication is highly complex and remains a subject of constant discovery in no short part to the complexity of both the rice genetic structure and the hybridization of rice species over time. What can be noted is that, in c.200k-80 kya, there was a divergence between lineages of nivara and japonica based on whole chloroplast genome data (Tang et al., 2004; refer also to Ohtsubo et al., 2004; Garris et al., 2005; Londo et al., 2006; McNally et al., 2009 for other genetic evidence). Nuclear genome data put this at roughly 100 kya, tallying with the whole chloroplast data (Ma and Bennetzen, 2004; Vitte et al., 2004).

There have also been recent and frequent hybridizations between cultivar4 lineages (Sang and Ge, 2007; McNally et al., 2009), although as Fuller et al. (2010) summarize, there are many possible points in history that this could have occurred. One of these is hypothesized to have been between a (fully domesticated) japonica and a (wild or semi-domesticated) nivara/indica lineage of c.1500–2000 BC and is formative to the proto-indica hypothesis and the role that japonica has played in changing rice agriculture in the sub-continent during early historic periods (refer to Sang and Ge, 2007; and the use of this by Coningham, 1995).

Genetically this proto-indica hypothesis relies on several genes, but, in particular, sh4 and qsh1 (see Fuller et al., 2010). Non-shattering of ears/panicles is a critical trait in the domestication story of cereals, and in rice, this is controlled by six quantitative trait loci (Xiong et al., 1999; Cai and Morishima, 2002; Li et al., 2006a,b; Lin et al., 2007), but sh4 and qsh1 are the focus of discussions (Fuller et al., 2010). qsh1 is found only in some of the temperate japonica rice types and is derived from a haplotype found in some rufipogon (Konishi et al., 2006). sh4, on the other hand, is a recessive mutation shared widely across japonica, aus, and indica rice (Li et al., 2006b; Lin et al., 2007). sh4 has been argued by Fuller and Qin (2009) to have been part of japonica/indica domestication and to have been introduced to India after the long period of rice use/cultivation (the “proto-indica phase” or proto-indica cultivars). This is part of the hypothesis of proto-indica – that genes of domestication, that carry with them domestication syndrome traits including the non-shattering spikelet bases, are introduced after the arrival of Chinese domesticated japonica rice of c.2000-1500 BC.

This is somewhat debated by Zhang et al. (2009), who suggested that sh4 was a rapidly evolving gene after domestication and that, by hybridization between cultivated rice types, this would have become widespread quickly. sh4 would not have been part of the initial evolution of non-shattering rice and thus is not a crucial piece of genetic evidence for a (proto-)indica-japonica hybridization story. sh4 demonstrates the complexity of the genetic evidence available in both discussing the rice domestication story and in dating or identifying key moments like the hybridization between (proto-)indica and japonica.

Looking at Fuller et al. (2010, Figure 3), it becomes even more apparent how complex the narrative based on the genetic evidence can get and how there remain gaps and questions to be addressed (Figure 3). There is a rough timeline placed in Fuller et al.’s (2010, Figure 3) of “The Holocene,” although it is not made clear what the speed or divisions of this timeline are, as genetics is complex when it comes to dating events. The domesticated gene pool of japonica [shown carrying sh4 as per Fuller et al.’s (2010) hypothesis, although refer to Zhang et al. (2009)] is shown on an evolutionary pathway toward more modern japonica varieties. At some point, additional genes are expressed or become introduced to this domesticated japonica gene pool: Prog1 (erect growth), rc (white grain pericarp), sw5 (wider grains), qsh1 (non-shattering), and wxy (low amylase waxy/glutinous). It is not clear in the Figure when these happened, but the Figure suggests that, while carrying sh4, rc, and Prog1, japonica meets with a wild cultivated proto-indica (assumed to be nivara under cultivation) and a wild gene pool of nivara, hybridizes and forms a new wild nivara (presumably by carrying the new genes? The Figure is unclear), and what the Figure labels as “dW” (code for domesticated wild type, presumably a semi-domesticated or wild type under cultivation) proto indica. This proto-indica, now carrying sh4, rc, and Prog1, backcrosses under hybridization with wild cultivated proto-indica not carrying the genes (the nivara from earlier) to form domesticated indica. As can be seen from this description, it is extremely complicated trying to parse out the possible routes and moments in rice genetics for indica/nivara. Exactly what the status of the “proto-indica” is in this Figure is also unclear, whether this is semi-domesticated with genes of domestication being fixed from cultivation acts or if it is simply a fully wild thing under some form of human cultivation with no changes resulting from that. How nivara, rather than rufipogon/japonica, reacts to cultivation remains open to genetic exploration.
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FIGURE 3. From Kingwell-Banham (2019, Figure 3) captioned “A simplified diagram of the main evolutionary pathways to domesticated Asian rice, with selected key mutations indicated, differentiating wild-type dominant form with all capital letters and domesticated type recessive alleles with lowercase letters. Mutations: sh4,non-shattering; Prog1, erect growth; rc, white grain pericarp; sw5, wider grains; qsh1, further non-shattering; wxy, waxy/glutinous rice (low amylase); WW, wild gene pool; dd, domesticated gene pool; cult., cultivated; X, major hybridization event; crossed arrows indicate continued gene flow (introgression).” This figure from Kingwell-Banham (2019, Figure 3) shows the complexity of rice domestication and hybridization and the way the proto-indica hypothesis is conceived Fuller et al. (2010). Reprinted with permission from Springer Nature Customer Service Centre GmbH (the Licensor): Springer Nature, ARCHAEOLOGICAL AND ANTHROPOLOGICAL SCIENCES. Consilience of Genetics and Archaeobotany in the Entangled History of Rice, Fuller et al. (2010). Article hyperlink: https://doi.org/10.1007/s12520-010-0035-y (Journal homepage hyperlink: https://www.springer.com/journal/12520).


The genetics then is complex, and it is unclear what exactly is happening in South Asia, only that, at some point in the past, it seems likely that genes from japonica like sh4 and qsh1 have been introduced, along with others linked with larger grain size and pericarp changes (e.g., Jin et al., 2008; Tan et al., 2008). The archeobotanical evidence is equally complex. While the Chinese data are more fleshed out (refer to Fuller et al., 2010 for a summary), the data on South Asia are less comprehensive.

The macrobotanical evidence for rice domestication is hampered by a grain that shows vast variation between modern cultivars and between wild populations, often ecologically and climatically linked. Trends toward larger grains over time in South Asia can be seen (Fuller et al., 2010, Figures 5b,c), but there is a regional variation that is potentially related to both ecology and gene flow between wild and domestic populations over time (Fuller et al., 2010). This all links back to the critiques by Fuller (2011; refer also to Fuller et al., 2010) of the morphometrics at Lahuradewa. Not only was the sample size small in phase 1A at the site (Tewari et al., 2008; Fuller, 2011; Pokharia et al., 2011), but the grain size range overlaps with both wild and domesticated populations, so more studies are needed to be conducted to disentangle this.

Beyond thinking about grain size changes, grain presence can be used to show the potential for people to have been using rice as food, but rice (or any other food item) alone does not show gathering/cultivation/agricultural strategy. More information on associated weeds of cultivation is needed to look at how these plants might have been tended or even grown. Weed analysis on early rice in South Asia is rare, with only later period assessments, for example, by Fuller and Qin (2009), looking at changes across the hypothesized japonica hybridization period as an example, and studies on the Indus looking at rice agricultural systems (Bates et al., 2017a) being examples of this [refer also to Morrison, 2016; Kingwell-Banham et al., 2018; Naik et al., 2019; in south and east and Wolff et al. (2022) for a discussion of the state of study on weeds in archeology]. Phytoliths have been used to look at weed floras associated with changing rice watering regimes in China and Odisha (Weisskopf et al., 2014, 2015) but have yet to be applied to Gangetic rice domestication periods. While phytoliths have been looked at in the Lahuradewa lake (Tewari et al., 2003, 2006, 2008), this was more a matter of whether there was domesticated rice present, and as already noted earlier in this article, this is a complex and problematic question.

An alternative approach for looking at grains for rice domesticated status is to look at spikelet bases. The 500-μm chaff elements that attach the grain spikelet to the panicle have been an uncommon find generally in archeobotany due to their size (Fuller et al., 2010). Spikelet bases are the clearest evidence of domesticated status due to morphological changes associated with shattering/non-shattering panicles (Thompson, 1996; Sato, 2002; Harvey, 2006). Thompson (1996) argued that there should be three categories considered: wild, domesticated, and immature. Wild types have a straight profile at their bases with smooth and round abscission scars and small distinct vascular pores resulting from shattering (Fuller and Qin, 2008, 2009). Domesticated types have larger and more irregular pores, an uneven profile that is dimpled in appearance and is overall less symmetrical. This is a result of threshing to separate non-shattering spikelets (Fuller and Qin, 2008, 2009). Immature spikelet bases also considered as grains will be harvested green in order to reduce the likelihood of yield loss, and immature spikelet bases have protruding vascular bundles from the remnant of the attached rachilla (Fuller and Qin, 2008, 2009). Although exceptionally small compared with grains, spikelet bases can be found using a fine mesh on flotation samples. Large numbers of these are needed to think about the processes of domestication. In South Asia, however, like grain, weed, and phytolith analysis, the number of spikelet bases available for analysis increases later in time than we look. While there are couples available from Lahuradewa in the early phases, these are extremely small in number (n = 4, Tewari et al., 2008), and their domesticated status is disputed (see Fuller, 2011). It is only in the Indus c.3200 BC far to the west (Bates et al., 2017a) and, in later periods, in the Ganges at sites like Mahagara (Harvey et al., 2003; Harvey and Fuller, 2005; Harvey, 2006; Fuller et al., 2010) that we see larger numbers that can be discussed in terms of proportional changes in spikelet base types in order to think about domestication processes.

As ever, dating of material remains a challenge. Genetic changes have already been noted to be highly complex to date “was the arrival of japonica-carried genes sometime in c.1500–2000 BC or more recently? At what pace does this occur?” Radiocarbon dates for the Mesolithic of the Ganges have been typically based on the bone (see for example Agrawal and Kusumgar, 1975; Rajagopalan et al., 1982; Indian Archaeology a Review, 1989-90 for dates from Mahadada, Sarai Nahar Rai, and Damdama, respectively), often with a wide variation in results. With Lahuradewa providing dates specifically for early rice, and with the dates being highly controversial (see earlier discussion in this study), more dates on non-bone and on rice specifically are required to explore both the dates of the Mesolithic and of the use of rice.

What this all implies then is that while we might argue that early rice use began in the Ganges-Yamuna plains, based on the limited archeobotanical data, we have available and modern biogeographic rice distributions, how the rice was used, whether it was part of a domestication story or not, and exact dates of this use remain open for discussion. Whether this was gathering, cultivation, or agriculture is also highly debated, and how this developed over time is poorly understood. Genetically, the picture is not helped by a complex hybridization and backcrossing picture, and while it seems likely that many of the genes related to rice domesticated status came from introduced japonica, exactly when this happened is not at all clear. Indeed, what the exact status of nivara was, when it met japonica, whether this was “proto-indica” (semi-domesticated or wild under cultivation, both sensu Fuller et al., 2010) remains open for debate.

Instead, most comprehensive data for rice domestication and cultivation/use in early South Asia come not from the Ganges region but from far to the west in the Indus region, despite this being outside the natural ecological zone for wild rice. This is later in date than the earliest material from the Ganges (that at Lahuradewa and similar but less well-dated sites like Jhusi, Hetapatti, and Chopani Mando). Open for debate then is what happens to this “proto-indica”/nivara under the new ecological settings it finds itself in the Indus Civilization. It is to this that we can turn to think about how new ecological conditions, both environmentally and agriculturally, might have affected this plant during its long-protracted pathway to domestication.



AVAILABLE BUT NOT FULLY ADOPTED? THE INDUS RICE STORY

While rice use in India probably began in the Gangetic region, the largest body of early evidence we have comes from far to the west in the Indus Civilization region c.3200–1500 BC. The evidence for rice use in the Indus Civilization has traditionally been highly contentious. Fuller and Madella (2002, pp. 336–337) have argued that “rice was available as a crop […] but not adopted” and that “there is no reason as yet to believe it was an important crop,” while Fuller and Qin (2009) have argued that there is no evidence of rice agriculture until the Late Harappan period c.2000 BCE, when it is likely that the japonica rice arrived. However, there has been a long tradition of rice data from Indus sites, and it has been strengthened over time with new data especially since these statements were published.

The evidence first cited by scholars for rice use by Indus peoples was based on impressions of grains in ceramics. These were found in Gujarat and Rajasthan (e.g., Ghosh and Lal, 1963; Vishnu-Mittre and Savithri, 1975), although these have been questioned (refer to Fuller, 2002) given the complexities in using impressions as evidence for species or even genus level identifications. Since then, grains have become more common finds. Rice grains have been found at Early and Mature Harappan Balu and Early Harappan Kunal (Saraswat and Pokharia, 2002, 2003), Mature Harappan Banawali (Lone et al., 1987), and Late Harappan Hulas (Saraswat, 1993), although all in relatively small numbers. This is also the case at Kanmer (Pokharia et al., 2011, Table 3), although as will be noted momentarily, there is some concern about the dating of these. Grains have also been found at Harappa, Rangpur, Farmana, and Pirak (refer to summary in Bates, 2019a). Macrobotanical evidence (Weber, 1997, 2003) is supported by phytolith data from Harappa (Fujiwara et al., 1992; Fujiwara, 1993; Madella, 1997, 2003), which pushes rice presence at the site back to the Mature Harappan. Larger numbers of grains have been found alongside spikelet bases at the sites of Masupdur I, Masupdur VII, Bahola, and Dabli Vas Chugta in Rajasthan and Haryana (Petrie et al., 2016; Bates et al., 2017a).

This is, therefore, a growing dataset that suggests that far from rice merely being available to Indus peoples, it was, in fact, adopted and incorporated into the agricultural assemblage, at least at some sites (Petrie et al., 2016; Bates et al., 2017a; Petrie and Bates, 2017). One critique of rice presence at Indus sites has traditionally been the poor dating of this and other summer kharif crops. For example, at sites like Banawali, while rice presence has been placed in the Indus period, this is based on their discovery in phases with Indus ceramics and on radiocarbon from other cereals in these phases rather than directly on the rice itself, and some of the “relative” absolute dates returned problematic ranges. At Banawali, directly dated wheat in proximity to rice that was found at Mature Harappan levels returned a date of cal AD 80-231 (Saraswat et al., 2000; Saraswat and Pokharia, 2003). At Mature Harappan Kunal, direct dates on wheat grains came back as 1500-1311 cal BC (Saraswat and Pokharia, 2003), raising questions about the date of rice in the same stratigraphic context. Motuzaite-Matuzeviciute et al. (2013) have shown that millets can very easily move throughout a profile because of acts like bioturbation and soil profile movement. With the late dates on even large materials like wheat that have been thought to be relatively stable in a soil profile in proximity to rice grains that are being disputed as Harappan or not, it required researchers to gain more secure dates on the rice themselves from Indus sites to show that they were not later period contaminants. While these issues may not have applied to all “relative” absolutely dated rice at all sites, it required some directly dated rice grains to support arguments that rice was used by Indus peoples and was not just a contaminant from later occupations at sites.

At Kanmer, direct dating of rice was attempted to prove or disprove the Indus peoples’ use of rice (Pokharia et al., 2011). The rice, however, produced dates that were much later in time for the phases they were found in [PLD-16351 AD 335 (95.4%) AD 425 and PLD-16353 AD 321 (80.1%) AD 410; Pokharia et al., 2011: 1836], suggesting they may have been contaminants from later stratigraphic layers (Pokharia et al., 2011). At the sites of Masupdur VII and Masupdur I, however, we have clear and direct evidence for rice use in the Indus period along with other summer kharif crops (Petrie et al., 2016). The dates of rice from Masudpur VII came back to the Late Harappan with dates of 1886-1695 cal BC (prob. 95.4% OXA28661_571) and from Masupdur I the dates were Mature Harappan at 2431-2144 cal BC (prob. 95.5%, OXA28663_231) (Petrie et al., 2016). Rice was also found in context with multiple directly dated Early Harappan crops (Petrie et al., 2016). The crops include small millets like Echinochloa cf colona and Setaria cf. pumila, mung bean, and urd bean (Vigna radiata and mungo), horsegram (Macrotyloma uniflorum), and cereals like wheat and barley as well as winter pulses (Petrie et al., 2016; Bates et al., 2017a,b, c; Petrie and Bates, 2017). The dates on these crops in association with rice suggest we can push back the dating of summer crops at the site into the Early Harappan (Petrie et al., 2016), supporting the arguments made by Ghosh and Lal (1963), Vishnu-Mittre and Savithri (1975), Weber (1991; 1997; 1999; 2003), Fujiwara et al. (1992); Fujiwara (1993), Madella (1997, 2003), Saraswat et al. (2000); Saraswat (2002), Saraswat and Pokharia (2002, 2003), Weber and Fuller (2008), Kashyap and Weber (2010; 2013; 2016), Fuller (2011); Pokharia et al. (2011)Pokharia et al. (2014); Weber et al. (2011), Fuller and Murphy (2014); Kingwell-Banham et al. (2015), and Weber and Kashyap (2016), among others, regarding rice and kharif crop use in the Indus from the earliest periods.

The presence of rice at sites in the Indus suggests that it was traded from its original environment to a new one and brought in the agricultural systems of the Indus. The Indus was one of the largest Bronze Age civilizations (Childe, 1950; Kenoyer, 1998; Possehl, 1999; Wright, 2010), covering an area that includes modern day Pakistan and northern India and extending into Afghanistan with the site of Shortughai. This vast region incorporated a great diversity in environments and ecologies, as well as multiple river systems and two rainfall systems (winter westerlies and the Indian Summer Monsoon). Alongside this is the increasing recognition of the internal nuances in cultural expressions of “being Indus” (refer for example to those outlined in Kenoyer, 1998; Possehl, 2002; Petrie, 2013; Parikh and Petrie, 2019; among many others). This vast diversity in both the natural and cultural world is also reflected in agricultural systems, and far from the “dull and homogenous” world once modeled by Wheeler (1950), we are now seeing multiple agricultural strategies deployed by farmers across this complex region (e.g., Vishnu-Mittre, 1974; Vishnu-Mittre and Savithri, 1982; Saraswat, 1992; Reddy, 1997, 2003; Weber, 2003; Weber and Fuller, 2008; Pokharia et al., 2011, 2014; Weber et al., 2011; García-Granero et al., 2015, 2016, 2017, 2022; Petrie et al., 2016; Bates et al., 2017a,b, c, 2021; Petrie and Bates, 2017; Bates, 2019b,2020; Chakraborty et al., 2020; Suryanarayan et al., 2021). This includes the use of rabi (winter) crops like wheat and barley that might have been monocropped in places like Harappa (see Weber, 2003 for example), summer monsoon season kharif millets that could be maslin intercropped and grown in the dry region of Gujarat (refer to Reddy, 1997, 2003; García-Granero et al., 2016, 2017), and even a third season of the dry summer zaid with kitchen garden plants grown between these (refer to Bates, 2020). More systems than this were deployed, outlined in Petrie and Bates (2017) through the complex multicropping options open to the Indus as a result of the diversity available in both the range of crops available to farmers and the mosaic of environments and ecologies they were exploiting, as well as economic choices they were making and negotiating as part of this complex system (refer for example to Bates and Choi under review).

With rice now incorporated into these agricultural systems, people have sought to explore what rice as a potential food item might have meant to different elements of Indus society, as we see it distributed in specific parts of the Indus rather than ubiquitously across the region. Madella (2014, p. 230) has explored how rice might have been viewed by Indus people, and how the role of rice changed over time throughout the Indus period. At urban sites during the Mature Harappan period, rice was a secondary and rare crop (Weber, 2003; Madella, 2014), while by the Late Harappan period and certainly in post-Indus periods it was becoming a staple. Madella (2014) argues that at urban sites rice may have been a sought-after product during the Mature Harappan period, explaining its appearance at Harappa, outside its natural habitat and in only small quantities. He argues that rice only became a staple when its status as a rare crop was lost as superior varieties were introduced in c.2000–1900 BC [as Madella (2014) hypothesizes like Silva et al. (2018) that japonica hybridization should be brought forward to this point], and as diversification in agricultural strategies occurred during the Late Harappan period and in post-Harappan periods. This can be contrasted with the rural village sites, where rice was available often in abundance, especially in the eastern region (Bates et al., 2017a; Petrie and Bates, 2017). At sites like Masudpur VII and Masudpur I, rice was a staple, a regular part of the diet from the earliest stages of the agricultural strategy, and does not necessarily fit the “luxury” category theorized by Madella (2014). At these sites, rice was adopted in agricultural systems despite it not being native to the region, a new and unknown crop for people to explore and exploit but also a new environmental setting for the rice itself to adapt to.

With rice being incorporated into this new agricultural system, it is interesting to think about how this hypothetically wild or semi-domesticated crop (nivara or proto-indica) not only adapted to the new agricultural system in which it was placed but also what impact such systems might have had on the domestication pathways of nivara/proto-indica. The move outside the native habitat and ecology of nivara/proto-indica and out of cultivation systems into a fully agricultural system could potentially have had much strong domestication selection pressures on this crop and led to changes at a new pace and to new extents on this rice plant, and therefore this shift needs to be incorporated into the (proto-)indica narrative.



DOMESTICATION AND THE ROLE OF NEW AGRICULTURAL ENVIRONMENTS

In the Indus archeobotanical data, we see evidence of the rice domestication process (Figure 4). Rice spikelet bases were found at the sites of Masudpur I, Masudpur VII, and Bahola (Bates et al., 2017a). As outlined above, having spikelet bases is the most secure way to think about domestication, and having an assemblage with enough spikelet bases to form data patterns is needed to look for change over time. At these sites this was possible. Spikelet bases from the Mature Harappan phases at Masudpur I and VII were predominantly wild-type based on abscission scars (Thompson, 1996; Harvey and Fuller, 2005; Harvey, 2006; Bates et al., 2017a). These were not the only spikelet bases though; significant proportions of the domesticated type were also present (9 and 10% respectively) [Bates et al., 2017a, misreported or calculated differently in Silva et al. (2018) as 11.2 and 20.5%].
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FIGURE 4. Rice spikelet bases from Masudpur I showing domesticated, wild, and immature types. Authors own work, originally published in Kingwell-Banham (2019, Figure 3). Figure 4 has been reprinted following a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), and has been reprinted following the study of Bates et al. (2017a). Approaching Rice Domestication in South Asia: New Evidence from Indus Settlements in Northern India. Journal of Archaeological Science 78, 193–201. https://doi.org/10.1016/j.jas.2016.04.018.


This suggests that some selection for the non-shattering domestication trait was taking place in northern India by the time Indus peoples began using rice. Thinking back to the genetic debates, it is a timely reminder of the complexity of dealing with non-shattering trait genes. While the focus has been on sh4 and qsh1, which are traits that developed in japonica, there are four other genes associated with non-shattering rice, and it might be useful to look at nivara again with these in mind and consider whether these could have been part of the domestication story and have led to full domestication before the introduction of novel genes from China. Alternatively, as domestication is not a simply unilinear pathway, the Indus story could be a dead end, with nivara non-shattering genes not contributing to the later indica narrative.

We see a spikelet base change pattern developing into Late Harappan and post-Indus Painted Grey Ware contexts at Masudpur VII and Bahola showing predominantly domesticated-type assemblages (28.6% with a high proportion of immature spikelets still present and no wild type at Masudpur VII and 33.2% domesticated type at Bahola, 6.9% wild, and the rest unidentifiable). Comparing the proportion of identifiable spikelet bases [which Silva et al. (2018) estimated to be > 75%] with Fuller et al.’s (2014) Chinese assemblages, Silva et al. (2018) suggested that the data from Bahola (and thus by extension Late Harappan Masudpur VII) show the end of the process of domestication or a point where we can say the grains are domesticated by hybridization with incoming japonica. This raises a further question then: is the Bahola and Masupdur VII rice a result of an Indus pathway to indica domestication (and then in 1500 BC it was hybridized with japonica to introduce new genes like sh4) or is the Indus data evidence of a near replacement of a proto-indica in 2,000 BC by the arriving japonica?

Silva et al. (2018) opted to argue that the Indus spikelet base data require us to modify the proto-indica hypothesis: there was an incipient local domestication process in northern India, but that did not reach full domestication, and that we need to move the hybridization even a little further back in time to the Late Harappan period, placing it at 2,000 BC rather than 1500 BC, but further modeling (and data) is needed (Silva et al., 2018). This must remain a hypothesis, however, because it relies on only two genes for non-shattering (sh4 and qsh1), rather than thinking about other possible non-shattering genes that could have been locally fixed and replaced or not yet studied in as much depth [refer also to Zhang et al. (2009) for critique on the over-focus on sh4], and on the uncertain genetic timeline and modeling of the genetic clock and archeobotanical movements of japonica [refer to Silva et al. (2018) for hypothetical modeling].

As outlined above, the genetic data do not exactly help us with this, messy as the evidence is. Grain size morphometrics does not help either, and we lack good evidence for the movement of the (japonica) rice through regions that might link China and India (beyond the scope of this article to outline all the evidence).

Rather than focus on whether the rice used in the Indus reaches full domestication or not, it is perhaps a more fruitful line of inquiry to ask why under the Indus agriculture system we see an acceleration of domestication syndrome (certainly with regard to non-shattering traits)? For the previous c.3000 years between its first use in the Ganges at Lahuradewa and the first arrival in the Indus in c.3200 BC at sites like Masudpur VII, we see little to suggest change (although the record is, as outlined, patchy). It remained likely a wild thing if we are to go on the evidence of the predominantly wild spikelet bases seen in the earliest levels at the Indus sites. However, by the end of the Indus period, we see predominantly domesticated types, with a gradual change from wild to domesticated over time. What might have caused this?

Domestication is an extension of evolutionary pressures placed on plants (and animals) as they become entangled in the human “domestic habitat.” Larson et al. (2014, p. 6140) define it as “a complex process along a continuum of human, plant, and animal relationships that often took place over a long time period and was driven by a mix of ecological, biological, and human cultural factors,” which result in what Fuller and Hildebrand (2013, p. 508) characterize as “genetic and morphological changes on the part of the plant [and animal] population in response to selective pressures imposed by cultivation.” It is distinct from the acts of agriculture, which Harris (2007) defines as coming from the Latin ager (a field) and colo (to cultivate), suggesting that “agriculture” should be used as a specific term related to the tillage of land for crop production typically involving domesticates. He also distinguishes “cultivation” from agriculture by defining cultivation as a general term for all forms of plant growth-promoting activities, thereby including both hunter-gatherer plant management and more complex deliberate planting and tending of plants (Harris, 2007, p. 25).

It has been noted that domestication, as a long and entangled process of developing relationships between domesticators and domesticates, usually happens as interactions and behaviors change, i.e., with sickle harvesting leading to unconscious selection for seeds that do not fall off the stalk in cereals and development of non-shattering ear traits (Larson et al., 2014). This niche construction and entanglement of humans and plants and humans and animals created coevolutionary relationships, with human niche constructors as a critical component in the domestication pathway of many plants (and animals) (Smith, 2011a). The prolonged period of “pre-domestication cultivation” before the evolution of full domesticates and development of agriculture has been a prime period for studies on domestication narratives (Willcox, 1999; Kahlheber and Neumann, 2007; Willcox et al., 2008; Piperno, 2011; Willcox and Stordeur, 2012; Yang et al., 2012; Fuller et al., 2014; Larson et al., 2014).

Agriculture and agricultural settings are therefore not the usual locale for the initial domestication of plants and animals, simply because by the time we are looking at agricultural settings, most things have been domesticated, with the full suite of domesticated syndrome traits, if not fixed, is then well on the way to being fixed. We do see subsequent changes in agriculture, i.e., the development of secondary traits like glutinous versus non-glutinous rice or breeds in animals. These processes have accelerated especially since the 18th century AD with the industrial agricultural revolution (Ahmad et al., 2020), but as a site of initial domestication agricultural settings, as they already involve domesticates, are not usually explored.

The role of humans as niche constructors, however, and complex pathways of rice in South Asia, might suggest that we have a different set of processes and pathways occurring. Rice, like all cereals, involves a slow process of change (e.g., Purugganan and Fuller, 2011; Fuller et al., 2014; Larson et al., 2014). The rice in South Asia would seem to take an even longer domestication pathway than most cereals, rather than just 2–4,000 years, and it seems to take up to 5–6,000 years between the first use of rice in the Ganges and the arrival of japonica and the fixing of non-shattering genes sh4 and qsh1. These changes, however, have variable paces, there is potentially a prolonged period of pre-domestication cultivation with the Gangetic Mesolithic-Neolithic, but in the Indus data, we see an increase in the rate of change, with other non-shattering traits evolving over just a couple of millennia. While this has to be a caveat of the recognition of the patchy nature of the Gangetic data, the lack of spikelet bases, for example, and the low number of sites with rice evidence, it might be suggested that the movement of rice from the cultivation context of the Ganges into the agricultural setting of the Indus played a role in changing the pace of domestication.

Domestication, as a sustained multi-generational coevolutionary relationship between two species with each undergoing changes that enhance the benefits each party derives from the relationship and/or that make further investment in the relationship more attractive to its partner (Zeder, 2017, p. 4), can be brought into the realm of agriculture and potentially accelerated by the dramatic niche modifications offered in this novel artificial ecological setting. Zeder (2017) has argued that novel environments are likely to induce plastic responses with greater speed and more often than those seen naturally through mutation. Mutation is the result of a slow process of selection and transmission reliant initially on one individual and their reproductive fitness, while niche-constructed changes (and likely other environmental ones too) affect numerous individuals and do not necessarily need strong positive selection, just an inducing factor (West-Eberhard, 2005a,b; Zeder, 2017). Anthropogenic-induced traits occur two times as fast as non-anthropogenic drivers (Zeder, 2017), so when a plant (or animal) is introduced to a new environment, including one such as an agricultural setting, we have the potential to see rapid, population-wide changes in domesticated candidate species. When thinking about this in an agricultural setting, we might also argue that the potential for change is also increased and if a wild type should be brought under agricultural-scale cultivation.

The established agricultural setting of the Indus and the locality of this outside the climatic and ecological niche of the Ganges-Yamuna plains changed the interactions the rice plants would have had both with their environment and with humans dramatically. Acts like water management, tilling, and planting controls are heightened under agriculture in a way that is not seen in pre-domestication cultivation. Trying to bring a semi-wild type of rice within the bounds of the established Indus agricultural realm would likely have led to a much faster set of changes than we see before when the rice was subject to less intense interactions in its natural setting, being cultivated and tended to under a less intensive situation. From the point of view of niche construction and humans as niche constructors, the evolutionary impacts of ecosystem engineering activities that humans do can be a strong modifying and selective pressure that acts on present and future generations living in the altered niches (Odling-Smee et al., 2003; Post and Palkovacs, 2009; Crawford, 2011; Kendal et al., 2011; Smith, 2011a,b; Zeder, 2012a,b, 2015, 2017; Beddows et al., 2016; Laland et al., 2016).



DISCUSSION

The role of humans as novel niche constructors means that the impacts they can have on plant evolutionary pathways are vast, leading to the domestication trajectories we see continuing to this day. This study asked the question “what role could introducing a wild/semi-domesticated type of rice into agricultural systems in the novel ecologies of the Indus region have had on the overall domestication pathways of nivara and (proto-)indica?” With the nivara rice, the movement of this plant outside its natural habitat into the stark contrast of an already established agricultural setting is likely to have had an accelerating effect on domestication processes. We can infer this from the spikelet base morphologies that we are beginning to see in the Indus archeobotanical datasets. This is tempered by the massive gaps in the datasets surrounding South Asian early rice use; it is highly likely that the rice domestication story began in the Ganges as far back as Lahuradewa, Chopani Mando, Hetapatti, Jhusi, and other sites, but there remain many gaps related to exactly what happened after the initial use, how fast any process of domestication was, and what state the rice was in when it moved out of the Ganges. Based on the data we currently have, archeobotanical, genetic, and ecological, it seems likely that rice used in the Gangetic Mesolithic period would not have led to much change and that, when it was traded into the Indus region, it would have been in a wild or semi-wild state. As the spikelet bases at the north-east Indus sites attest, it is after this introduction to new agricultural conditions that we see an increase in non-shattering traits appearing. Then, in 2000 BC, either we have incipient domestication reach its zenith or, as Silva et al. (2018) argue, we need to move the japonica arrival back by 500 years and assume that this is when the sh4 genes were introduced.

One thing that might also be noted is that the watering regimes in the Indus agricultural system might be considered somewhat similar to those in the Ganges ecological setting to which rice was accustomed. Weed ecological data show that rice in the Indus was grown not under intensive watering conditions but as semi-wet, semi-dry, or in marginal environments (Bates et al., 2017a). The presence of both water-loving and drought-tolerant weeds and those that have no particular preference suggests that rice was not grown under a wet (>1,000 mm) system but more of a dry system (<800 mm) (refer to Kingwell-Banham, 2019), perhaps dry groundwater-fed and reliant on seasonal flooding with some kind of water management to ensure that rice reached its required needs (with rice being more water greedy than other cereals). However, this was certainly not the paddy systems that have today come to dominate (Bates et al., 2017a; refer also to Fuller and Qin, 2009). What did change when rice was used in the Indus, however, from the cultivation systems that rice would have been handled under in the Gangetic Mesolithic-Neolithic was more intensive management and sowing of it on a regular basis in specific seasonal rhythms timed to farmers’ needs and not plants’ ecological cycles. Farmers would have been growing in their own tempo, somewhat guided by the plant and the environment but certainly at a more regulated and regimented pace, and making decisions based on their own understanding and experience of already domesticated cereals like wheat, barley, and millets. They would have been familiar with non-shattering cereals, with selection for specific aspects of a crop they preferred, and while much of this would have still been an unconscious selection bias, it would have led to a faster pace of change.

Another aspect that we might also note as being of interest is that this would have remained a relatively low-yielding crop (Fuller, 2020), as the nivara or the proto-indica in the Indus was grown under a dry farming system. Fuller (2020, p. 97) has estimated that, with dry rice, one needs roughly 17 ha to feed 50 people. Furthermore, he has argued that, for a village of 3–4 ha, one would need to set aside 53–71 ha for rice if it is the sole staple (Fuller, 2020, p. 97). This might explain why we never see rice as the sole Indus staple crop at Masudpur VII, Masudpur I, and Bahola (all small sites roughly 1–6 ha), while an important staple rice is not the only crop being used and rather was found alongside wheat, barley, and millets all as important staple foods (Bates et al., 2017a; Petrie and Bates, 2017). Dry rice is, however, less labor-intensive than wet rice (Fuller, 2020), and Fuller (2020) argues that this might have resulted in different trajectories in the agricultural strategies for dry and wet rice economies over time. Land-limited and labor-limited systems result from different rice watering systems, and a parallel might be drawn with Northeast Thailand for Indus rice systems and contrasted with China (refer to Fuller, 2020; refer also to Castillo, 2011; Castillo et al., 2018). The less intensive and geographically expansive systems of dry rice are more suited to smaller villages than the intensive smaller units of wet paddy rice that are labor-demanding but can support larger populations (Fuller, 2020). This might explain why under the Indus regime rice remained a village staple and an urban exotic; it was still a dry cropped, labor-limited system that was more suited for village economies than for urban sustenance (this links back to Madella, 2014).

Beyond the nuances of Indus rice economies, the data we have do suggest that the Indus archeobotanical evidence has both filled a gap in the time between the first use of rice in the 7th millennium BC and the hypothesized arrival of japonica in c.1500 BC. However, as this study also asked, what data do we have available to think about early South Asian rice use, and do the different proxies used to think about rice domestication create different narratives on rice domestication? Why are these narratives sometimes at odds with one another, and what additional data are needed to fill the gaps in our existing datasets and bring the narratives into consensus with one another? We can note from this review that there remain several gaps in the datasets, and that the types of proxy chosen can steer the narratives through their variable time frames (e.g., genetic data having less certain timeframes compared with the more specific archeobotanical data) and availability (e.g., genetic data are more readily available as modern samples can be accessed, while archeobotanical data have a patchy record in South Asia). Some of the gaps have been partially filled with the data on the Indus from c.3200–1500 BC, which address not only a chronological gap but also raise new questions that need to be addressed by more archeobotanical and genetic analyses:


-How much rice was available in the Gangetic Mesolithic (and later Neolithic) and at what specific dates? By archeobotanical analysis, we need both more and securely dated samples from the time frame between the 7th millennium and the 3rd millennium in the Ganges region to support the data we already have for early Ganges rice use and to see how this developed over time.

-What was the domesticated status of early rice? Alongside dated materials and genetic studies, we need fine-mesh screening to look for more spikelet bases to support the discussions on rice domestication in this period and look at rates of change in the non-shattering status over time.

-How was early rice used in the Ganges? We need both weeds and phytoliths to think about the cultivation strategies of Mesolithic-Neolithic rice use and consider how this might have influenced rice domestication pathways.



These three questions remain a priority for Gangetic rice studies and can be expanded to the Indus. We might ask, how does rice move from the Ganges to the Indus and exactly when? We need data from pre-Indus sites in the Indus region, more Indus sites with rice and spikelet bases, and sites in the region between the Indus and Gangetic regions to link them up. We should also ask how and when does japonica reach South Asia; more and securely dated evidence is needed on possible routes for japonica moving from China to South Asia to help with this, and more genetic information on nivara is needed to bolster the story. There have been some interesting discussions of aDNA (Castillo et al., 2015), and this could be expanded onto nivara/(proto-)indica should preservation be good enough.

This is an ambitious program of study, but one that builds on the foundations established from the many references included throughout this article. It builds on the two framing questions of this study as well: what was the impact of rice being moved around the variable ecologies and cultivation/agricultural settings of South Asia, and what are the impacts of filling in the data gaps on our narratives? Exploring how the proto-indica story developed and why dry rice that clearly supported villages and towns in a complex civilization like the Indus but is no longer used extensively today in favor of the labor and water-intensive paddy rice is important in light of some of the concerns related to Anthropocene impacts on the plant and global food sustainability. Methane outputs and other anthropogenic gasses (Anselman and Crutzen, 1989; Neue, 1993; Ruddiman and Thompson, 2001; Ruddiman et al., 2008; Li et al., 2009; Fuller, 2011; Fuller and Weisskopf, 2011; Fuller et al., 2011) are increased by the focus on paddy, and have, over time, potentially added to our impact on climate change (Fuller, 2011; Fuller and Weisskopf, 2011; Fuller et al., 2011). Watering strategies are also potentially affecting the health of rice consumers (e.g., flooded rice paddies may be increasing arsenic content in grains; Fao NewsRoom 2007, 2018).

While paddy systems can produce high rice yields that can be exported en masse and are critical to food supply chains and should not be abandoned, they should not be considered the only system that can be used to produce food in all circumstances. More diverse strategies need to be implemented, thinking back to local food strategies that are more sustainable for the local environment in which they are set. Such an approach diversifies the agricultural system in the face of food sustainability, anthropogenic impacts on the land and climate, and in terms of species diversity (both rice types but also their companion weeds and accompanying fauna). We are seeing this with calls for crop diversification away from paddy, i.e., by Anantha et al. (2021) and Bhogal and Vatta (2021) [although refer to Sinha (2022) on the political role of paddy and recent concerns about global supply chains]. Such calls do not necessarily have to mean the end of rice or of paddy (and cannot give the concerns over global food supply maintenance) but perhaps a change toward the inclusion of other ancient ways of growing or even inclusion of older types of rice (e.g., Green et al., 2020).



POST-SCRIPT: CHANGING WATER AND LATER AGRICULTURAL STRATEGIES

While the debate about early rice has been fraught and remains patchy, there is a post-script to be added: What happens after the Indus, after the period when japonica has been introduced, and can we can that we have fully domesticated indica with Chinese wetland rice genes present? How does this affect both agricultural production and land use?, a question that links back to the final point on land use and urban food supply. The role of watering and rice has been central to many discussions of historical period archaeological debates as well as prehistoric ones, as seen in studies by Morrison (1994, 2016), Risberg et al. (2002); Sinopoli et al. (2010), Gilliland et al. (2013), and Murphy et al. (2018), among many others.

Coningham (1995, pp. 66–67) hypothesized that the post-Indus period saw changes in the methods of growing crops, particularly rice, with a shift from dry to wet-land rice. Such a change would have big impacts on harvest yields and carrying capacities (Fuller, 2020). Fuller (2020) has used ethnographic and historic data to estimate the carrying capacities of different rice systems, which are roughly divided into wet and dry. With examples from pre-industrial Borneo, India, and Sumatra showing dry rice systems with yields ranging from 229–1,500 kg/ha compared with Han Dynasty China and 19th century Japan and Southeast Asia wet rice having yields of 1,000–2,000 kg/ha (Heston, 1973; Bray, 1986; Sherman, 1990; Ellis and Wang, 1997; Barton, 2012; Qin and Fuller, 2019), Fuller (2020) notes that there is already a disparity in how much food can be produced across wet and dry rice systems. Combining this, it can be argued that, under pre-industrial systems, wet rice could support up to 14,000 people and that dry rice could support, at most, 2,500–3,000 people (the carrying capacity) (Fuller, 2020). With greater yields (kg per ha) and carrying capacity, it has therefore been assumed that the arrival of japonica and accompanying wet systems would lead to the ability to support even larger urban centers with rice as the staple crop (Coningham, 1995, pp. 66–67) (this too can be debated; we have little evidence that rice was the initial staple crop, and what the role of wheat and barley was in the Early Historic periods).

This is again based on the ecological differences for rice and its growing preferences. Coningham’s (1995) argument assumed that when japonica arrived and hybridized with the (proto-)indica in the region, this would have brought with it not only the water-stress response genes (Fuller and Qin, 2009; Fuller, 2011; Weisskopf et al., 2014, 2015) but also a necessity to use irrigated paddy fields. Furthermore, Coningham (1995) assumed that the necessity of using a new agricultural system would, in turn, lead to higher yields and, thus, to greater food supplies and surplus, and it was this that drove secondary (and larger) urbanization. However, Fuller and Qin (2009) have noted that, while japonica and (proto-)indica do have different life cycles, they are also both species of rice, and all types of rice have higher water requirements than other cereals and generally prefer wet conditions overall and can also exploit a range of conditions; there is no prerequisite for one particular type of rice having to be grown in paddy, for example (refer to Kingwell-Banham, 2019). Countering Coningham (1995), they suggested that, when hybridization happened, it did not automatically lead to wetland irrigated paddy rice, and japonica’s arrival did not necessarily bring with it wet rice systems, but that people could still retain a range of options on how to grow rice, from wet to dry (Fuller and Qin, 2009), and one only has to look to diversity in South Asia today to see this happening. They note, though, that this diversity is mostly supplanted by paddy today, but it is still practiced in some areas, and it is important to note that paddy did not completely replace it.

Furthermore, Fuller and Qin (2009) went on to demonstrate this by looking at the weed data, looking at whether the conditions of the rice agriculture shifted from dry to wet. No pattern of the shift from dry rice to wet rice systems was seen, and more mixed agricultural watering systems were noted (Fuller and Qin, 2009). This seems to be a continuation of the patterns seen in the Indus period that preceded it; neither a predominantly wetland nor a predominantly dryland cultivation practice was carried out across any one phase of the Indus and into the post-Indus Painted Grey Ware period at the sites where rice assemblages were analyzed (Bates et al., 2017a).

Therefore, contrary to the hypothesized sudden impact of japonica-indica hybridization and for a paddy-induced secondary urbanization of South Asia, it seems that rice continued to be exploited in either marginal wet-dry environments or in a mix of wet and dry cultivation systems, as noted in Fuller and Qin (2009) and Weisskopf et al. (2014, 2015) and as further illustrated in Bates et al. (2017a).

Rice, it seems, is a crop that continues to confound and provide patterns of data that show the diversity of ways it can be used. The nuanced picture of early rice is one that will continue to unfold as more data become available. The post-1500 BC narrative of rice use and the role of irrigation and the water management story link back to the discussions of water and agricultural sustainability in future rice systems. This diversity, while seen in South Asia today, is gradually being lost to more intensive paddy systems as the demand for rice yields increases. More studies on how early rice was grown and how it was watered and used to maintain urban systems as part of diverse crop packages will perhaps provide one possible solution to the growing food and water crises we see developing globally and within South Asia in recent times.
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FOOTNOTES

1The nivara, indica, rufipogon, japonica, and aus “types” of rice are not included as species or subspecies, although they are referred to as such variably in text depending on the authors. The decision to simply leave them as “type” without a Latin binomial is based on The Plant List, which suggests that these are synonyms of O. sativa, i.e., O. indica, or O. sativa subsp. Indica, are listed as synonyms for O. sativa.

2Premathilake (2006) has argued that the first possible evidence for cultivated rice was seen in Sri Lanka much earlier than c.13 kya. This is based on microcharcoal evidence that is interpreted as showing clearance activities and pollen showing “rice.” Pollen data are notoriously difficult for identifying to genus or species, and Poaceae is particularly difficult to get to such levels. This has been taken to even further extremes to suggest “agriculture” of rice, and at 11 kya oats and barley, on the basis of pollen and microcharcoal (Premathilake and Risberg, 2003; Premathilake, 2006; Premathilake and Hunt, 2017) and the contested nature of this evidence, questions on whether pollen can indeed be identified at the genus level, let alone the species level (domesticated rice for example), have led to this study setting aside this debate for the sake of clarity. It might be better to argue that the Sri Lankan data show perhaps low-level food production, maybe akin to that in the Gangetic region where rice was also used at an early date, but until other proxies are also found, it is not going to be discussed further here.

3
http://archaeobotanist.blogspot.com/2009/06/indian-archaeobotany-watch-lahuradewa.html

4Cultivar is a term referring to a plant produced in cultivation, bred specifically for traits, for example through careful seed control. Cultivars can also occur in the wild, but more commonly result from human manipulation. Not all cultivated plants are cultivars. The ICNCP defines “A cultivar is an assemblage of plants that (a) has been selected for a particular character or combination of characters, (b) is distinct, uniform and stable in those characters, and (c) when propagated by appropriate means, retains those characters” (ICNCP 2009).
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The Middle to Late Holocene spread of agropastoralism throughout Eurasia not only subjected domesticated taxa to stressors associated with novel environments but also induced changes in these environments following the introduction of these social-ecological systems. The mountainous region of Inner Asia comprises various steppe, meadow, and forest landscapes where zooarchaeological evidence suggests occupation by herding populations as early as 7,000 years Before Present (BP). Recent archaeobotanical findings indicate the introduction of cropping and the development of agropastoralism around 4,500 BP. Here, we review and synthesize palaeoenvironmental studies and data to examine anthropogenic impacts and modifications of these landscapes. From around 4,000 BP, we find significant changes in palynomorph, charcoal, sediment, and other proxy data, related to the introduction of agriculture to the region, with later intensifications in land use indicators at around 2,000 and 1,000 BP. We note that these impacts are not uniform or continuous through and across the records and may be evidence of shifting phases of occupation and landscape management. This temporal and spatial variability may also be a response to shifts in moisture availability due to long-term Holocene changes in the intensity of the summer monsoon and Westerly circulation systems. Changes in arboreal pollen indicate the development of intensified use of forest resources in the region, which we identify as a topic for future investigation. Based on these data, we stress the long-term human paleoecology in the study area and argue that traditional agropastoralist systems should be considered in future programs of landscape conservation in the region. This study also emphasizes the importance of future local scale multiproxy studies into past anthropogenic changes within the Inner Asian landscape.
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INTRODUCTION

Proponents of “deep time” Anthropocene hypotheses have drawn on archaeological and palaeoenvironmental proxies to position humans as drivers of irreversible changes in terrestrial ecosystems from the Early Holocene (Stephens et al., 2019) and elevated levels of CO2 and CH4 emissions from the Middle Holocene (Ruddiman et al., 2020). While these studies have at times emphasized the negative impacts or feedback loops of past human populations on the environment, they have also allowed a critique of assumptions within modern conservation policy and practice regarding “pristine” pre-industrial or pre-colonial environments (Bliege Bird and Nimmo, 2018; Fletcher et al., 2021). Recent evaluations of the “deep time” Anthropocene have argued that mosaics of traditional land use incorporating diverse patterns of agriculture, pastoralism, and hunting-gathering often allowed positive feedback loops between ecosystem enrichment and resilient human social-ecological systems (Boivin and Crowther, 2021). It has been argued that modern processes of colonization and industrial or agricultural intensification have broken down traditional social-ecological systems, leading to the current global environmental crises (Ellis et al., 2021). This study reviews the published palaeoenvironmental research and data to investigate the evidence for long-term human management and modification of landscapes of Central Asia in sedimentary archives. Our geographic focus is on the mountain chain comprising the Altai, Tien Shan, and frequently referred to as the Inner Asian Mountain Corridor (IAMC; Frachetti, 2012), as well as the Western Himalaya-Hindu Kush.

Across Central or Inner Asia, human–environment interaction and adaptation have been in the past presented or understood as a traditional “steppe and sown” dichotomy between irrigated or oasis agriculture in desert river basins and nomadic pastoralist adaptations in open steppe or mountain areas (Brite et al., 2017). More recently, bioarchaeological and geoarchaeological studies located in desert areas have presented a more complex picture of human–environment interaction (Dodson et al., 2015; Brite et al., 2017; Markofsky et al., 2017). Research priorities in steppe and mountain areas (Figure 1) have presented an array of localized adaptations to environmental conditions, comprising diverse patterns of herding and cultivation that call into question the divisions between nomads and farmers (Doumani et al., 2015; Hermes et al., 2019; Motuzaite Matuzeviciute et al., 2019; Spengler et al., 2021). While this diversity in social-ecological systems arises partly in response to variability in topography, soil landscape, water availability, or vegetation resources, it is also recognized that past populations have actively and passively driven processes of environmental niche modification across Central Asia (Spengler, 2014; Ullah et al., 2019; Ventresca Miller et al., 2020).
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FIGURE 1. Regional geography, points indicate significant early agropastoralist archaeological sites. (1) Tongtian Cave (Zhou et al., 2020), (2) Xintala (Zhao et al., 2013), (3) Begash (Frachetti et al., 2010) and Tasbas (Doumani et al., 2015), (4) Chap (Motuzaite Matuzeviciute et al., 2019) and Aigyrzhal (Motuzaite Matuzeviciute et al., 2017), (5) Obishir (Taylor et al., 2021), and (6) Pethpuran Teng (Yatoo et al., 2020) and Kanispur (Pokharia et al., 2018).


These processes may include cultivation practices and their influence on soil formation, changes to vegetation communities, such as the conversion of forest to pasture or changes in herbaceous diversity, impacts of fire regimes on regional biogeography, and stresses associated with the movement of domesticated herds and crops into novel environments. Examination of these processes contributing to an early Anthropocene in Central Asia has typically been examined through archaeological data, including geoarchaeological, botanical, and faunal studies (Ventresca Miller et al., 2020). This study reviews diachronous changes in sedimentary records indicating early anthropogenic impacts on Central Asian environments and the long-term coevolution of humans and landscape in the region. These processes may be indicated through multiple palaeoenvironmental proxies including pollen and non-pollen palynomorphs, charcoal influx, and sediment properties that may indicate processes of herding, cultivation, or land clearing and modification associated with various forms of agropastoralism.



METHODS

Archived palaeoenvironmental data and their associated publications were searched in the online repositories Pangea and Neotoma, (Williams et al., 2018) using a search box bounded by 66.27°–98.8° E and 30.2°–52.79° N. An additional search of relevant journals (The Holocene; Quaternary International; Quaternary Science Reviews; Vegetation History and Archaeobotany; and Palaeogeography, Palaeoclimatology, Palaeoecology) was undertaken using strings of keywords including “Central Asia,” “Inner Asia,” “Holocene,” “Human Impacts,” “Kazakhstan,” “Kyrgyzstan,” “Tajikistan,” “Uzbekistan,” “Pakistan,” “Xinjiang,” “Tien Shan,” “Pamirs,” and “Hindu Kush.” A search of the same keyword strings was also undertaken in Scopus and Google Scholar. Where possible, supplementary data were inspected in association with publications. Several publications (Beer et al., 2007, 2008; Beer and Tinner, 2008) where associated repository data were available (Ammann et al., 2021a,b,c,d; Heiri et al., 2021; Tinner and Beer, 2021) used linear chronologies based on older radiocarbon calibration curves. In these cases, new Bayesian age-depth models based on the Intcal20 curve were produced using the Bacon package in R (Blaauw and Christen, 2011; Reimer et al., 2020) prior to data examination (Supplementary Data). Ecological impacts of agropastoralism in the study regions observed by the authors during fieldwork also form an interpretive background to this study (Leipe et al., 2014a,b; Motuzaite Matuzeviciute et al., 2019; Spate et al., 2022). We also review several key palaeoclimate studies to contextualize human activity across the study region. Our case studies have been grouped into the following subregions: Xinjiang (the Xinjiang Uighur Autonomous Region of China, including the Eastern Tien Shan, Altai, and Kunlun Shan ranges); Central and Western Tien Shan, and Pamirs (the entire territories of Kyrgyzstan and Tajikistan and mountainous regions of eastern Uzbekistan); Western Himalaya-Hindu Kush (eastern Afghanistan, Khyber Pakhtunkhwa province and the territories of Gilgit-Baltistan and Azad Kashmir in Pakistan, the Union Territories of Jammu and Kashmir, and Ladakh in India).



RESULTS

We identified a total of 29 single- or multi-proxy studies from 27 sites as having potential indicators of human impact across the Inner Asian mountains (Table 1 and Figure 2). While a small number of these studies were targeted toward exploring human impacts in the past, the majority were directed toward the exploration of past climate dynamics, particularly between the Westerly, Siberian Cyclonic, and Summer Monsoon systems. Despite this, these studies often contained one or more proxy indicators of possible past human impacts on the landscape.


TABLE 1. Locations, general proxy descriptions, and references for palaeoenvironmental records reviewed here.
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FIGURE 2. Locations of proxy records examined here and timing of first anthropogenic impacts. Numbers refer to records in Table 1. Triangles indicate multi-proxy and squares indicate single-proxy records. Red crosses indicate additional climate records, as described in Figure 3: (A) Ozerki Swamp (Tarasov et al., 1997) and (B) CSM loess section (Gao et al., 2019).



Xinjiang

A sediment core from Bosten Lake in the Yangqi Basin in the southern Tien Shan covers a temporal span of around 8,500 years (Tarasov et al., 2019). The authors interpret low levels of human perturbations at around 4,500 Before Present (BP), indicated by reductions in arboreal pollen, influxes of charred grass stems, and cereal-type pollen (>37 μm). The authors note the morphological overlap of some domestic and wild grass pollen in the study area and this pollen taxon alone cannot be taken as evidence of agriculture. After 4,000 BP, stronger evidence for human impact includes Xanthium-type and Cannabis pollen, typically associated with anthropogenic disturbances and also common in archaeobotanical assemblages from the neighboring Turpan and Hami Basins, where they are interpreted as medicinal plants (Jiang et al., 2015; Zhao et al., 2019; Wang et al., 2020). Increased Glomus spores after ca. 4,000 BP in the Bosten record (Tarasov et al., 2019) are contemporaneous with the establishment of the agriucltural settlement at Xintala (Dodson et al., 2013; Zhao et al., 2013). While Glomus spores must be interpreted cautiously in peat bog records, they may generally be considered a reliable indicator of higher erosional input in lake records (Kołaczek et al., 2013) and could possibly relate to an agricultural clearing in the lake basin. Macrobotanical records from the archaeological trench Xintala (Zhao et al., 2013) indicate that barley, wheat, and millet were cultivated around the site. High relative abundances of Asteraceae pollen (to 42%) are contemporaneous with the first increases of Xanthium in the Bosten record (Tarasov et al., 2019). Elsewhere in the Yangqi Basin, geoarchaeological evidence indicates the damming of mountain runoff in foothill areas in the first few centuries CE (Li et al., 2019a). This has been interpreted as a system for the trapping of sediments and water, by which agropastoralist populations enriched foothill ecotopes and enabled cultivation. This period of the Bosten Lake record sees the first presence of Rumex pollen (Tarasov et al., 2019), a nitrophilous colonizer typically associated with agropastoralist land use across Inner Asia (Spengler, 2014).

The Bortala Valley in the central Tien Shan holds a number of agropastoralist sites (Jia et al., 2018), including the settlement at Adunqiaolu, comprising several large stone structures where the occupation of one house is dated to ca. 3,800–3,500 BP (Jia et al., 2017). Archaeobotanical remains from this structure indicate a pastoral economy based on seasonal movement and grazing rather than local cultivation (Tian et al., 2021); however, large quantities of Astragalus seeds that appear to be stored may indicate foddering of local vegetation. A core from the Wenquan wetland, around 40 km east of Adunqiaolu, has been assessed for human impact among pollen and charcoal proxies (Li and Wang, 2020; Li et al., 2020). The pollen record indicates a steady decline in shrubby taxa (primarily Ephedra) and the expansion of upland herbs from ca. 7,500 BP onward, likely resulting from the onset of more humid conditions (Li et al., 2020). While avoiding overly deterministic explanations, it has been argued that further increases in humidity after ca. 4,000 BP enabled the pastoralist settlement in the valley; however, across the pollen spectrum, there is no indicator of anthropogenic vegetation change (Dodson et al., 2021). The period following 4,000 BP also sees a higher fire frequency and intensity in the charcoal accumulation rate (Li and Wang, 2020), interpreted as the result of higher herbaceous burn-off related to humid conditions and higher available biomass. The study authors note the possibility that this higher fire intensity is of anthropogenic origin, supported by the archaeologically visible expansion of pastoralist settlements in the valley at this time. Stepwise increases at 8,000 and 4,000 BP in the CHAR record from Wenquan (Li and Wang, 2020) contrast with the Sayram Lake record (Jiang et al., 2013), also in the Bortala Valley around 30 km south of Wenquan, where stepwise reductions in charcoal concentration at ca. 10,000 and 5,000 BP are attributed to climate-driven reductions in biomass, supported by lower pollen concentrations.

Anthropogenic fire regimes as drivers of vegetation change have also been considered in pollen, charcoal, and mineral sediment records from the Caotanhu wetland, on the north facing slopes of the Tien Shan in the south of the Dzungar Basin (Zhang et al., 2015). Pollen including Poaceae, Asteraceae, Apiacaeae, and Polygonum-types were identified to be associated with disturbances by agriculture in modern pollen surface samples. Peaks in three size classes of macro- and micro-charcoal at around 3,500 BP are associated with an increase in these anthropogenic pollen types and a decline in arboreal taxa, interpreted as evidence of forest clearing and cultivation in the mountain foothills. This period sees an expansion of Bronze Age sites in the Dzungar Basin; however, with the exception of the agropastoral Luanzagangzi site (Zhang et al., 2017), excavated sites are primarily cemeteries, from which social-ecological systems are poorly understood (Jia et al., 2011). At Caotanhu, these apparent anthropogenic indicators again increase significantly after 700 BP, as does the sand fraction of mineral sediment, possibly indicating a more recent intensification of land clearing and cultivation (Zhang et al., 2015).

On the north side of the Dzungar Basin, the relationship between humans, fire, and vegetation change has also been raised in the examination of preliminary pollen and charcoal data from Alahake Lake in the foothills of the Altai north of the Irtysh River (Li et al., 2019b), where increases in all charcoal size classes have been tentatively associated with the decline of arboreal taxa, particularly Betula and Larix in the periods of ca. 3,500–2,500 BP and 700 BP–present. Archaeobotanical remains from the Tongtian cave on the south side of the Irtysh (Zhou et al., 2020) include wheat and barley remains dated to ca. 5,200 BP. Archaeological charcoals indicate the burning of Betula and Larix between ca. 5,000 and 3,500 BP, while pollen from cave sediments indicates the local presence of these taxa after only 3,500 BP. While Li et al. (2019b) note that forest composition and timber line are also sensitive to climatic shifts, the data from Alahake and the archaeological record at Tongtian indicate that the variability in forest taxa, particularly Betula and Larix, may be potential indicators of human impact. Later impacts near Alahake Lake may be evident in the Jili Lake record (Xiao et al., 2021) where after ca. 400 BP marshy Typha and Sparganium pollen indicate a low lake stand, out of synch with regional moisture patterns. The study authors have interpreted this as evidence of anthropogenic water withdrawal for irrigation. Through this period relative abundances of cereal-type Poaceae pollen and concentrations of macro-charcoals also increase.

Irrigation intensive agriculture has also been interpreted as a driver of low lake levels at Balikun Lake (An et al., 2012) in the eastern Tien Shan and Lop Nur in the eastern Tarim Basin (Mischke et al., 2017), both at around 2,000 BP. At Balikun, sedimentary proxies indicate a low lake level and high relative abundances of Cyperaceae pollen, showing that marshy conditions are in disagreement with regional records indicating wetter climatic conditions (An et al., 2012). At Lop Nur, a sediment layer composed of very poorly sorted sand (mean grain size 218–226 μm) dated to around 1,800 BP (Mischke et al., 2017) indicates a shift from fluvial to aeolian dominated deposition, while increases in soluble salts, shifts in ostracod assemblages (Liu et al., 2016), and δ18O ‰ (Mischke et al., 2017) indicate salinization and desiccation. As this shift in lake conditions also appears out of phase with regional climatic conditions, Mischke et al. (2017) attribute this to excessive water withdrawal during the Han Dynasty that may have ultimately had a role in the collapse of the Loulan Kingdom. Environmental degradation due to intensive or maladapted agricultural systems has also been indicated after ca. 2,000 BP in the YC loess section of the southern Tarim Basin (Zhang et al., 2021), where fluctuations in sediment size have no linear relationship with magnetic or mineral data and are partially interpreted as anthropogenic dust disturbance relating to river draw off and lake desiccation. This is also contemporaneous with an increase in Poaceae pollen and fine and coarse sands in the Niya River section (Zhong et al., 2007), in a former desiccated wetland. The study authors also attribute these changes to the intensification of agriculture during the Han and Jin Dynasties.

In the southwest of the Tarim Basin, only a few pre- and proto-historic settlements are known, with an agricultural settlement of Wupaer in the Pamir foothills having the only published archaeobotanical data (Yang et al., 2020). The Δ13C values of wheat grains at the site indicate a shift from non-irrigated to irrigated agriculture between the early (ca. 3,500–3,300 BP) and late (ca. 3,200–2,600 BP) phases at the site; however, this is interpreted to have been managed through gravity-fed mountain runoff rather than intensive river/oasis agriculture as described in the eastern Tarim Basin. Pollen data from an incised river section also at Wupaer (Zhao et al., 2012) do not indicate any significant anthropogenic impact on vegetation at this time.



Central and Western Tien Shan and Pamirs

Diverse forms of agropastoralist settlement along the Tien Shan foothills and Semirechiye basin of southeast Kazakhstan are evident throughout the Bronze and Iron Ages ca. 4,500–2,000 BP (Frachetti et al., 2010; Doumani et al., 2015; Chang, 2018; Hermes et al., 2021). Despite the extensive archaeological record during this period, most palaeoenvironmental reconstructions have focused on the Late Pleistocene and Late Holocene (Blättermann et al., 2012; Chiba et al., 2016), with the Middle Holocene period of early land use intensification being less investigated. Geomorphological and geoarchaeological studies (Blättermann et al., 2012; Macklin et al., 2015; Ullah et al., 2019) have described fluvial and aeolian processes driving the development of a soil landscape suitable for cultivation. It has been argued that agricultural systems may have further enriched these soil landscapes (Ullah et al., 2019) through systems of floodwater farming which may be comparable to those in the Yanqi Basin further to the east (Li et al., 2019a). There remains some scope for investigating more broad patterns of human landscape modification using palaeoenvironmental data from this region.

In the Kochkor Valley of north-central Kyrgyzstan, substantial evidence for the anthropogenic creation of a high-altitude agropastoralist niche comes from archaeological, archaeobotanical, and aerial survey data indicating the presence of a number of settlement sites, corral structures, water management features, and the cultivation of cereal crops at elevations above 1,900 m above sea level (ASL), dating from ca. 4,500 BP onward (Motuzaite Matuzeviciute et al., 2019, 2020; Rouse et al., 2022). The first phase of occupation at the site of Chap (ca. 4,500–4,000 BP) indicates the development of mainly bread wheat and naked barley agriculture, with weed seeds from the archaeobotanical assemblage probably resulting from both crop processing and burning dung of domestic herbivores (Motuzaite Matuzeviciute et al., 2020). During the second phase of occupation (ca. 3,000–2,800 BP), the agricultural package expands to include peas, summer millets, and hulled barley (Motuzaite Matuzeviciute et al., 2019). Animal bones in both phases provide direct evidence of livestock herding. To the west of the Kochkor Valley, peaks of summed coprophagous spores in the Son Kol lake record at ca. 3,700 and 2,500 BP have also been interpreted as evidence of phases of intensified herding (Sorrel et al., 2021) while increased occurrences of Pediastrum boryanum after ca. 4,000 BP in another core from Son Kol have also been interpreted as evidence of human impact (Mathis et al., 2014).

Chap II represents the first agropastoral communities moving into the landscape of Central Tien Shan at ca. 4,500 BP (Motuzaite Matuzeviciute et al., 2019, 2020). The site comprises houses and waste pits dug almost into the bedrock, likely indicating the period of first agropastoral settlement followed 1,000 years of slow postglacial sedimentation, suggesting a stable and low-erosion environment. Between the Chap II occupation and the Chap I occupation phase ca. 1,500 years later, 1.4–1.7 m of aeolian sediment had been accumulated (Motuzaite Matuzeviciute et al., 2020), while the Chap I occupation was also buried by 1–1.5 m of sediment following abandonment (Motuzaite Matuzeviciute et al., 2019). This rapid sedimentation was possibly the result of human-induced landscape disturbances via grazing and agricultural activities leading to sediment mobilization (Motuzaite Matuzeviciute et al., 2020). A similar situation was also observed at the Aigyrzhal-2 mound located in the middle of the Naryn River canyon in Central Kyrgyzstan (Motuzaite Matuzeviciute et al., 2017). Aigyrzhal-2 contains both a 12,000 BP Mesolithic occupation and a later Bronze Age occupation dated to ca. 2,000 BP, separated by a 30-cm-thick loess horizon. Following the Bronze Age, the sedimentation rate at Aigyrzhal-2 increases dramatically covering the occupation horizon with a sediment bedding over 1 m thick, possibly reflecting anthropogenic erosion processes following the initiation of agriculture in the area.

This interpretation may be supported by a lake core on the north side of Issyk Kol, in a large basin east of the Kochkor Valley, where the highest abundances of Glomus spores are between ca. 4,500 and 2,700 BP (Leroy and Giralt, 2021). This period in the Issyk Kol record also has the highest abundances of coprophagous spores (Sporormiella, Podospora, and Sordaria-types) and pollen types that may be associated with grazing including Asteraceae, Rumex, Polygonum, and Plantago, while a peak in micro-charcoal influx may be possible evidence of anthropogenic burning. After 2,700 BP, these indicators are generally present at low but fluctuating levels until 1,000 BP when increased abundance and influx may be evidence of intensified human impact. New survey data from the south of the Issyk Kol basin (Chang et al., 2022) indicates occupation of the area from 4,000 BP onward, with significant expansion during the Qarakhanid period after ca. 1,000 BP, roughly consistent with changes in the lake core data.

These patterns in land use may also be apparent in a smaller lake record from Karakol (Beer and Tinner, 2008), a subalpine lake (2,350 m ASL) located in the mountains around 23 km north of the Issyk Kol coring site. At ca. 3,600 BP, arboreal and shrubby pollen types reach a minimum, while Poaceae (to 60%), various Asteraceae (>10%), and other meadow vegetation increase, and a maximum charcoal influx is recorded. Podospora concentrations reach their highest values, and Sordaria-types are also present. Other pollens indicating disturbance, including Plantago and Urtica, are also present. After ca. 3,000 BP, these indicators decline until ca. 1,000 BP when peaks of coprophagous spores, charcoal influx, disturbance indicators (Plantago, Urtica, and Cannabis), and other pollen types associated with grazing (Rumex and Trifolium) are all recorded. Notably, three pollen types that may be associated with “Silk Road” trees are present after ca. 500 BP—walnut (Juglans regia), mulberry (Morus alba-type), and plane tree (Platanus orientalis).

A series of targeted cores from mires and small lakes have investigated the origins of walnut forests around the rim of the Ferghana Valley in northeast Kyrgyzstan (Beer et al., 2008). At Bakaly, a minor peak in charcoal influx ca. 4,000 BP may be associated with a sharp decline in an arboreal (Picea and Betula) and shrubby Juniperus pollen types. There is an apparent opening of the landscape, indicated by various Asteraceae types, and Podospora, Sordaria, and Sporormiella-type spores reach peak concentrations. These perturbations may be evidence of anthropogenic clearing of the landscape and initiation of herding. These indicators decline between 3,000 and 2,000 BP while arboreals and shrubs recover before a similar pattern is repeated and other disturbance indicators including Plantago and Urtica also increase. Juglans and Platanus pollen are present in low levels after 2,000 BP, and M. alba-type after 1,000 BP. All three types of trees increase sharply after 500 BP. At Ak Terek, Juniperus pollen decreases after 2,000 BP, possibly related to an increase in charcoal influx. Indicators for grazing disturbances including Plantago and Urtica pollen and all three types of coprophagous spores also increase after 2,000 BP, and Juglans is present at low levels, before increasing sharply after 1,000 BP. M. alba and Platanus types are infrequent after 1,000 BP. Increases in these three tree pollen types and pollen and fungal spore indicators for grazing are also recorded after 1,000 BP in a lake/mire core at Ortok and two lake cores at Nizhnee and Verkhnee.

A recent zooarchaeological study of remains from contexts 1 and 2 at the Obishir V site in southern Kyrgyzstan indicates the herding of domestic sheep as early as 8,000–6,000 BP, at an elevation of 1,700 m ASL (Taylor et al., 2021) and in the mountains of eastern Uzbekistan (Nishiaki et al., 2022). The latter dates from these sites appear to be contemporaneous with a small spike in the summed human (coprostanol, epicoprostanol, and cholesterol) and herbivore (5b-stigmastanol) fecal biomarkers at ca. 5,900 BP, from an alpine (3,535 m ASL) lake core at Chatyr Kol in central Kyrgyzstan (Schroeter et al., 2020). A more significant increase in these biomarkers appears ca. 5,000–4,000 BP before declining sharply, with a final minor peak at ca. 2,300 BP. The study authors correlate these spikes in biomarkers with regionally drier conditions, which may have driven the use of higher altitude ecological niches. The authors also note that the Chatyr Kol pollen assemblage is dominated by non-arboreal taxa and exhibits no significant variation; however, we note that there is a stepwise reduction in arboreal pollen, averaging 7.8% of the assemblage between ca. 8,000 and 6,000 BP; 5.8% between 6,000 and 4,000 BP; 2.9% between 4,000 and 2,000 BP and 2.6% from 2,000 BP to the present (Schroeter et al., 2020). While these reductions may be the result of natural Holocene processes, they also appear to coincide with other data indicating human impacts on the landscape. A lower elevation lake sediment record from Kichikol in southern Kyrgyzstan records a reduction in Betula and Juniperus and increases in Plantago, Cannabis, Urtica pollen, and charcoal influx after 3,000 BP, possibly indicating early land clearing (Beer et al., 2007). After 2,000 BP, Juglans, Morus, and Platanus tree pollens are present. Within this region, minor impacts on the landscape have also been inferred from pollen indicators, indicating an expansion of steppe herbs and increases in Asteraceae and Plantago from the Karakul alpine lake in Tajikistan (Heinecke et al., 2018), dated shortly after 1,000 BP.



Western Himalaya-Hindu Kush

A pollen record from a heavily grazed Cyperaceae swamp, adjacent to a high-altitude summer settlement at Shukan (3,360 m ASL) in the Eastern Hindu Kush, Pakistan, has been studied to investigate human impact on the landscape (Miehe et al., 2009). While the site area has relict patches or stands of Pinus wallichania and Betula utilis, the landscape today is primarily open pasture. Based on a sharp reduction of Pinus pollen and monolete fern spores, the study authors argue for an anthropogenic opening of the landscape by ca. 3,000 BP. Long-distance transport and the recorded overrepresentation of Pinus pollen in the temperate Himalayas (Quamar and Kar, 2020) may support this interpretation. Increases in other indicator pollen including Rumex, Urtica, and Plantago after ca. 1,000 BP may indicate an intensification of land use after this period. Other evidence for intensified patterns of grazing comes from fungal spore indicators between ca. 2,400 and 1,500 BP in a core from Kabal in the Swat Valley (Jan et al., 2019). These single-proxy studies present promising early results for examining long-term agropastoralist ecology in a region where little data are available.

In the Kashmir Valley, India, three cores taken from middle- to high-altitude pastures investigated the impacts of agropastoralism on the landscape (Spate et al., 2021, 2022). In the subalpine TM01 record, reductions in arboreal Betula and Juniperus pollen and the deposition of coarser, more poorly sorted sediment after ca. 3,700 BP are interpreted as clearing by herders, also indicated by increased influxes of charcoal, concentrations of coprophagous spores, increases in Poaceae, Rumex, and other grazing-associated herbs and reduction in grazing sensitive Artemisia. This period is contemporaneous with the expansion of agropastoralist settlements across lower elevations in the valley during the Late Neolithic (Betts et al., 2019). After ca. 2,000 BP, there is another stepwise reduction in arboreal pollen and a stronger signal for grazing in the earlier proxies. In the middle-altitude PH03 record, increases in charcoal influx, sediment size, and grazing-associated pollen and spores increase sharply at ca. 2,200 BP (Spate et al., 2022). Cereal-type pollens are interpreted as the movement of cultivation to middle altitudes, possibly in response to regionally drier climate conditions. These conditions may have also stressed sensitive populations of relict Quercus forest across the valley, possibly driven to extinction by human overuse, evidenced by the disappearance of Quercus pollen in sediment records (Spate et al., 2021) and charcoal at archaeological sites (Lone et al., 1993) after ca. 2,000 BP. Multiple proxies for grazing also increase in the SG02 core from a forest opening at 2,800 m ASL after ca. 500 BP (Spate et al., 2022). These discontinuous phases of land use also parallel changes in the pollen record from Anchar Lake on the valley floor, where the intensification of agriculture after ca. 4,000 BP is indicated by increases in Plantago, cereal-type, and other ruderal pollen (Agrawal, 1992). Changes in magnetic susceptibility indicating eutrophication of the lake, higher C/N ratio and organic input, and coarser sediment deposition have been interpreted as signals of anthropogenic control of Anchar Lake after ca. 500 BP (Lone et al., 2019).

East of the Kashmir Valley, an alpine lake core from Tso Moriri (Leipe et al., 2014a,b), had a moderate influx of charred grass epidermis and Cannabis pollen after ca. 3,700 BP, interpreted as a possible low-level human impact on the landscape. After ca. 2,700 BP, relative abundances of ruderal and other grazing-associated pollen types such as Rumex, Urtica, and Plantago increase. After ca. 1,000 BP, cereal-type and Fagopyrum pollen are also present, though the authors note the effects of altitude on Poaceae pollen size and the distribution of wild Fagopyrum in the Himalayas as confounding factors. Similarly, Cannabis and cereal-type pollen from Tso Kar (Demske et al., 2009) after ca. 2,500 BP have been interpreted as regional signals rather than local vegetation. Both lakes are surrounded by alpine (ca. 4,500 m ASL) meadows that are currently utilized by seasonal herders. Given the large size of the lake catchments, they may present a record of regional impacts rather than local modification of the environment by herders.



Holocene Climatic Variation

The available proxy data draw a spatiotemporally complex picture of the climate and environmental evolution in the study region during the Middle (8,200–4,200 BP) and Late (last 4,200 years) Holocene. Precipitation and moisture availability are mainly controlled by two atmospheric circulation systems—the Atlantic Westerlies and the Asian summer monsoon. While the monsoon influence dominates most parts of East, Southeast, and South Asia, the westerlies control large parts of West and Central Asia, including the western Eurasian steppes of southwest Siberia and Kazakhstan and the arid regions to the south. Xinjiang and the Western Himalayas represent transitional zones between both circulation systems, complicating the interpretation of palaeoenvironmental proxy records with respect to driving factors, especially with the awareness that the intensity of these circulation systems has changed during the Holocene.

The steppe and desert regions west of the Tien Shan experienced increased moisture availability during the Middle and Late Holocene. Representative evidence for the steppes of Kazakhstan and south-western Siberia is the fossil pollen-inferred continuous spread of tree taxa around the Ozerki swamp (Tarasov et al., 1997; Figure 3A). A similar pattern is revealed by the sediment properties of the CSM loess section in western Tajikistan, located west of the main Pamir ranges. The magnetic susceptibility record demonstrates that soil moisture was relatively stable until ca. 5,000 BP and gradually increased afterward (Gao et al., 2019; Figure 3B). Although several new proxy records have been published over the last decade, the moisture index curve based on palaeoenvironmental data synthesis by Ran and Feng (2013); Figure 3C remains a representative record for Holocene moisture availability in the Dzungar Basin, continuously increasing between ca. 8,000 and 1,000 BP. While the long-term trend of these records indicates increased moisture availability through the Middle to Late Holocene, there is an apparent minor downward fluctuation between ca. 3,000 and 2,000 BP.
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FIGURE 3. Representative moisture records from Westerly and summer monsoon-controlled regions. (A) Tarasov et al., 1997; (B) Gao et al., 2019; (C) Ran and Feng, 2013; (D) Leroy, 2022; (E) Tarasov et al., 2019; (F) Leipe et al., 2014a. Red arrows mark the transition from summer monsoon-dominated to a Westerly-dominated moisture availability. Records without arrows represent regions that were consistently influenced by Westerly precipitation. Black arrows indicate human impacts in palaeoenvironment record for Central Tien Shan, Xinjiang and Western Himalayan regions.


An opposite moisture trend is demonstrated by proxy records from sediment archives in Xinjiang south of the Tien Shan or in its eastern extremity. Organic geochemical parameters from sediments in the hypersaline Lake Balikun indicate a long-term decline in moisture availability that started around 6,000 BP (Zhao et al., 2022). The moisture index derived from the deposits at Lop Nur agrees with this trend (Liu et al., 2016). The pollen record at Lake Bosten indicates that moisture availability declines between ca. 6,000/5,000 and 1,500 BP and then increases to the present (Tarasov et al., 2019; Figure 3E). A similar moisture pattern is found in palaeoenvironmental records from the north-western Himalayas located at the modern northern boundary of the Asian summer monsoon domain. Pollen-based reconstructions of moisture availability for the areas around the high-alpine (approximately 4,500 m ASL) lakes Tso Kar (Demske et al., 2009) and Tso Moriri (Leipe et al., 2014a; Figure 3F) show a continuous decline in annual precipitation from ca. 7,000 BP. This trend reversed from 1,500 calendar years BP, probably due to the increasing inflow of moisture derived from the west.

Precipitation and moisture availability in the extensive mountainous interior of the central and western Tian-Shan and Pamir appears to be more complex, lacking evidence for clear long-term trends. Several studies reconstructed a phase of increased or increasing moisture between ca. 5,000 and 4,000 BP including pollen spectra from Lake Karakul, north-eastern Tajikistan (Heinecke et al., 2018), lithological properties, pollen and chironomid records from Lake Kichikol, south-western Kyrgyzstan (Beer et al., 2007), pollen spectra from Lake Issyk Kol, north-eastern Kyrgyzstan (Leroy and Giralt, 2021), and chironomid spectra from Lake Son Kol, central Kyrgyzstan (Laug et al., 2020). However, other records obtained from the same lakes or studies conducted at other sites in the region suggest contradicting moisture trends. Based on sediment geochemical parameters, Heinecke et al. (2017) inferred a Middle–Late Holocene drying trend around Lake Karakul. A multi-proxy study from Son Kol (Lauterbach et al., 2014) inferred a dry phase between 5,000 and 4,000 BP, followed by a progressive but weak decrease in moisture to the present. Another multi-proxy study from the same lake by Schwarz et al. (2017) found evidence for a dry climate interval ca. 6,000–3,800 BP. In contrast, Mathis et al. (2014) reconstructed warm and moist conditions around Son Kol before 4,500 BP, followed by arid conditions. This complicated spatiotemporal pattern of moisture evolution may be the result of an interplay between complex topography and shifts in atmospheric circulation patterns. The region is likely to represent a transitional zone between the Western and Asian summer monsoon systems and is therefore sensitive to short-term fluctuations and long-term changes in their intensity. Additionally, the mountainous environment potentially affected the hydrology of the lakes by changes in basin properties (endorheic, exorheic conditions) and/or more pronounced impacts of temperature changes leading to changes in meltwater supply and lake evaporation. We plotted the Artemisia/Chenopodiaceae (A/C) pollen ratio for Issyk Kol from available repository data (Leroy, 2022; Figure 3D) as a commonly used proxy for changes in moisture availability in arid and semi-arid environments (El-Moslimany, 1990). The data broadly indicate a drying trend from at least ca. 6,000 BP to 3,000 BP, possibly due to weakening summer monsoon precipitation. After 3,000 BP, increased Westerly control may have driven moister conditions, with minor drier fluctuations around 2,700 and 1,700 BP. A strong increase in the A/C ratio after ca. 1,500 BP coincides with increased Westerly precipitation around the Bosten (Figure 3E) and Tso Moriri (Figure 3F) lakes, previously dominated by the Asian summer monsoon system. All three records suggest an enhanced increase in Westerly-associated precipitation in the respective regions after ca. 1,500 BP.




DISCUSSION


Assessing Long-Term Human Impacts

Many of the records examined here are drawn from lake studies focused primarily on broader patterns of Holocene climate or environmental change, with some proxies from these studies indicating varying levels of human impact. Several of the records drawn from high-altitude lakes (Demske et al., 2009; Heinecke et al., 2018; Schroeter et al., 2020) typically have proxies indicating the human presence and low-level impact through time, consistent with their altitudinal position and catchment size. Multi-proxy studies from large lakes located in regions more intensively inhabited by past populations provide strong evidence for long-term processes of environmental modification and impact by humans (Tarasov et al., 2019; Leroy and Giralt, 2021). A number of the studies were more specifically oriented toward understanding local patterns of anthropogenic environmental change, using multiproxy indicators to examine human impacts (Beer and Tinner, 2008; Beer et al., 2008; Zhang et al., 2015; Spate et al., 2022). Core samples in these studies were generally drawn from smaller swamps, wetlands, or mires with catchment sizes more suitable for understanding local patterns of human land use. One single-proxy pollen study (Miehe et al., 2009) from a similar sampling site also demonstrates promise for reconstructing anthropogenically driven environmental change.

The oldest evidence of the possible human presence in the studies reviewed comes from the biomarkers in the high-altitude Chatry Kol (Schroeter et al., 2020) lake in the Tien Shan (Table 1 and Figures 2, 4). These proxies do not indicate significant human impact and we approach them cautiously; however, they do appear to be temporally consistent with archaeological evidence for early herding and hunting populations in the mountain environment (Taylor et al., 2021; Nishiaki et al., 2022). Currently, there is no archaeological evidence for agriculture in the study region at this period; however, given the presence of Neolithic agricultural settlements in the adjacent Kopet Dag foothills of southern Turkmenistan (Harris, 2010), future archaeological testing for early agriculture is required. The most significant early impact are seen in pollen, spore, and charcoal proxies around 4,500 BP at Issyk Kol (Leroy and Giralt, 2021) and Bosten (Tarasov et al., 2019) and are closely associated with the first archaeological evidence for cereal cultivation and agropastoralism across the study region (Doumani et al., 2015; Hermes et al., 2019; Motuzaite Matuzeviciute et al., 2020). In the period 4,000–3,000 BP, 10 of the reviewed records indicated evidence for human impacts, primarily palynomorph, charcoal, and sediment proxies associated with agropastoralist land use across foothills and middle-altitude mountain zones. In the Issy Kol record, these proxies present before 4,000 BP also increase significantly in the following centuries (Mathis et al., 2014; Leroy and Giralt, 2021). The close association between these impacts and archaeological evidence for the expansion of agriculture and pastoralism (Motuzaite Matuzeviciute et al., 2020; Yatoo et al., 2020; Hermes et al., 2021; Tian et al., 2021) indicates a significant and rapid transformation of these environments. This suggests a divergence in land use impact between earlier herding-only populations and later agropastoralist ecologies.
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FIGURE 4. The time scale of impacts identified in the studies reviewed here and described changes from available archaeological and environmental records. Numbers refer to records in Table 1.


Archaeological sequences from sites across the region indicate long-term settlement patterns at sites, comprising phases of occupation interspersed with centuries of abandonment (Frachetti and Mar’yashev, 2007; Doumani et al., 2015; Pokharia et al., 2018; Motuzaite Matuzeviciute et al., 2020; Hermes et al., 2021). The temporal variability of the human impacts in the records reviewed here may be broadly reflective of these patterns of land use. Variability in indicators for human impact in swamp/mire records may reflect localized patterns of settlement or land use as agropastoral populations shifted sites of economic or ecological focus. A deeper understanding of these patterns may require further data from local scale palaeoenvironmental studies and a close synthesis with an expanding archaeological record. The studies reviewed here typically indicate long-term, low-level perturbations suggesting that agropastoralist groups across the Inner Asian mountains maintained ecological niches through systems of locally adapted grazing and cultivation.

The variability in environments and climates across the study area likely drove differentiated human adaptations in land use in the past. Spengler et al. (2016) have suggested that the continuous trend toward higher moisture levels in the Westerly-dominated steppe regions west of the Altai Mountains improved the conditions for crop cultivation and thus promoted the spread of agropastoral populations in northern Central Asia. The progressive increase in moisture availability may have also facilitated the documented spread of pastoralist groups into the Dzungar Basin by the middle of the fifth millennium BP (Jia et al., 2020; Dodson et al., 2021) by providing suitable grazing lands in areas that have likely been too dry before. Similarly, d’Alpoim Guedes and Bocinsky (2018) have argued that changing thermal and moisture conditions stimulated the exchange of crops and diversification of agricultural systems as a buffer against risk in higher altitudes and latitudes in Asia. Weakening moisture availability in the Kashmir Valley after ca. 5,000 BP (Lone et al., 2019; Spate et al., 2021) may have driven the relatively early adoption of millet agriculture dated to ca. 4,400–4,200 BP (Yatoo et al., 2020). The intensification of herding and agriculture at higher altitudes on the Kashmir Valley flanks also appears to respond partly to the onset of more arid conditions on the floodplain of the valley floor around 2,000 BP (Spate et al., 2022). Isotopic data from Begash, Dali, and Tasbas at Semirechiye, indicating winter foddering of sheep and goats (Hermes et al., 2019) after ca. 4,700 BP, suggests the close integration of herding and cultivation. Interestingly, millets are not found in the early occupation phase at Chap (Motuzaite Matuzeviciute et al., 2020) and are only present after ca. 3,000 BP. While our review of Western precipitation records generally indicates increasingly wetter conditions through the late Holocene, however we note high variability and complex relationships between Western and monsoon systems in the Central Tien Shan records, complicating the understanding of human responses to climate change. The Issyk Kol record is the most proximal to Chap and indicates a phase of minimum moisture availability in the late Bronze Age around 3,000 BP, as evidenced by low A/C pollen ratios (Leroy, 2022; Figure 3D). This more localized phase of low moisture availability may have been a driving factor in the delayed adoption of millet at Chap. At present, the archaeological record across the studied region suggested a flexible agropastoralist ecology that was able to draw on various patterns of herding and cultivation to respond to Holocene climatic perturbations.



Forest Use and Mining?

While proxy indicators for cultivation and pastoralism identified here are primarily changes among herbaceous pollen and coprophagous spores, reductions in arboreal pollen and charcoal influxes may indicate forest clearing and the opening of landscapes (Miehe et al., 2009; Li et al., 2019b; Spate et al., 2022). At Chap, the early phase of occupation has high concentrations of wood charcoal, while during the later phase dung burning appears to be the major fuel source (Motuzaite Matuzeviciute et al., 2021). The present-day site environment is an open landscape and the change between these fuel sources may partially result from the exhaustion of forest resources around the site. Currently, shifts in Picea pollen concentration at Issyk Kol (Leroy and Giralt, 2021) and influx at Son Kol (Beer and Tinner, 2008) have been interpreted as related to climate-driven shifting of the tree line. REVEALS modeling (Cao et al., 2019) applied to data from the studies of Beer et al. (2007, 2008) and Beer and Tinner (2008) based on relative pollen productivity (RPP) estimates from analogous Chinese and European plant taxa do indicate a reduction in conifer forests sometime around 2,000 BP; however, Cao et al. (2019) note that the temporal resolution of the original studies fails the binning of time slices in the model. In the Kashmir Valley, anthracological data indicate a broadening use of timber fuels through time (Lone et al., 1993). Two charcoal types identified as Quercus during the Kushan period (ca. 2,000 BP) indicate the use of oaks, absent in the valley today. Pollen records (Spate et al., 2021) also indicate the disappearance of Quercus at ca. 2,000 BP, during a period of weak summer precipitation, possibly evidence of a climate and anthropogenic extinction of oaks in Kashmir. As with the Central Tien Shan data, interpreting land-cover change in the Western Himalaya-Hindu Kush based on pollen records is complicated by the high productivity and long-distance transport of coniferous pollen (Quamar and Kar, 2020). As a result of these circumstances, there is good potential for land-cover modeling based on RPP and pollen fall speed estimates for local taxa in the future.

Our review indicates that, in addition to processes of land clearing, instances of human management of forest stands are also evident, notably the potential anthropogenic afforestation of walnut in Kyrgyzstan (Beer et al., 2008). While Beer et al. (2008) have interpreted these increases as evidence for the introduction of walnut into the region, the genetic diversity of extant walnut forests in Central Asia (Pollegioni et al., 2014), and the presence of Juglans pollen in Pleistocene deposits from the Kashmir Valley (Agrawal, 1992) indicate an autochthonous postglacial distribution in the region. The increased abundance in pollen records from Kyrgyzstan may be rather indicative of an intensified human economic focus on this taxon.

In addition to increases in Juglans pollen, the presence of Platanus pollen suggests an aesthetic and economic investment into this landscape. Potts (2018) notes the mid-Holocene spread of Juglans and Platanus in pollen records across Iran, which precedes the deep cultural significance of walnut and plane trees in the later Persian and Islamic periods when pollen of both types expands in records from Iran (Saeidi Ghavi Andam et al., 2021). Platanus pollen is recorded in a Pleistocene loess-palaeosol record from southern Tajikistan (Dodonov and Baiguzina, 1995), however, in the topmost pedocomplex 1, dated relative to Marine Isotope Stage 5, it is poorly represented and also appears absent from other Early Holocene pollen records in the region. It is unclear when Platanus was reintroduced to Central Asia, though it is assumed to have been before the Islamic Period (Rix and Fay, 2017). Platanus and Morus charcoals have been identified in Early Historical (ca. 2,000 BP) contexts at Semthan and Burzahom in the Kashmir Valley (Lone et al., 1993), where in historical periods these two trees, along with walnut, were valued for their fruits and oils and prized as fuel and carving woods, particularly for the doors of Sufi mausoleums (Lawrence, 2005 [1895]). The close association between plane trees and Sufi shrines has been noted throughout Central Asia (Yasushi et al., 2013), and the Kyrgyzstan pollen records (Beer et al., 2008) provide early insights into the spread of these culturally significant taxa across Central Asia. The expansion of Morus pollen during the Medieval era may also be associated with the development of the silk industry in the Islamic period (Spengler, 2019).

Environmental impacts of mining and smelting in the study areas remain underexplored. Metallurgy has been identified as a parallel productive industry that pastoralists engaged in throughout the region, from the Bronze Age to the Medieval period (Frachetti, 2012; Maksudov et al., 2019). Copper mines with diagnostic Andronovo Bronze Age ceramics have been identified in the Ili Valley in Xinjiang (Wang et al., 2019), and tin mines also associated with Andronovo finds have been recorded in mountainous areas of eastern Uzbekistan and Tajikistan (Boroffka et al., 2002). Localized pollen records may be one method of exploring impacts on forests for fuel in these areas, while geochemical pollution accumulated in lake sediments or mires may provide an expanded record for anthropogenic perturbations related to mining, as has been demonstrated in other areas of the planet (Mighall et al., 2002; Pompeani et al., 2013; Martínez Cortizas et al., 2016).



Is There a “Tipping Point?”

The data we review typically do not indicate wholesale transitions from a “pristine” to a completely anthropogenic environment. In total, 10 of the records indicate the “secondary” or intensified impact after ca. 2,000 BP or later, becoming more pronounced again after ca. 1,000 BP (Figure 4). The synthesis of these studies generally indicates long-term management of landscapes, with “patchy” mosaics (Spengler, 2014) of managed pasture land. The most detrimental environmental impacts appear in the form of degradation induced by intensive irrigation agriculture (An et al., 2012; Mischke et al., 2017) in ecologically unsuitable regions. This degradation of larger lake systems may be comparable to the withdrawal of water from Lake Balkhash tributaries in southeast Kazakhstan since the 19th century, which has had an impact on lake levels (Chiba et al., 2016; Mischke et al., 2020; Sala et al., 2020) where increased water consumption is correlated with urbanization in the region. The environmental impacts of urban expansion in more mountainous regions during the early historic and Medieval periods present an important area for future investigation (Maksudov et al., 2019). The onset of anthropogenic control at Anchar Lake (Lone et al., 2019) in 500 BP is likely associated with the expansion of the city of Srinagar in the immediate lake catchment, presenting preliminary evidence of the more intensive transformation of mountain environments across the region.




CONCLUSION

The studies under review indicate long-term processes of land management and modification in the foothills and mountain zones of Inner Asia. Evidence of early human presence may date as early as ca. 6,000 BP, constrained to high-altitude areas. This is in agreement with recent genetic and zooarchaeological evidence showing movements of small herding populations across the landscape in the absence of agriculture (Taylor et al., 2021; Nishiaki et al., 2022). Across the study region, there is evidence of human impact and disturbance of natural environments around 4,500 BP, with indications for intensification after ca. 4,000 BP. These changes correlate closely with archaeological data reflecting the beginning of crop cultivation and intensified herding activity, with the environmental record lagging the archaeological record by 500 years or less. We interpret this as indicating agropastoralism driving a rapid environmental change across landscapes of the study area. Following the introduction of agriculture, progressive impacts on environments are generally not evident; however, there may be some intensifications in land use by agropastoralists at ca. 2,000 and 1,000 BP as indicated in numerous records across all of the areas we examined. Interpretations of anthropogenic perturbation are best supported by multiproxy studies comprising biotic and abiotic data proxies, preferably with different pathways into the sedimentary record. We have identified areas for further research, particularly the potential for the quantitative study of changes in forest landcover of the study region. The apparent long-term stability of the study area landscapes indicates that traditional forms of agropastoralism may be a sustainable economy with a low impact on local ecologies and should be considered in the present and future programs of conservation and environmental restoration.
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This study examined starch granules from the dental calculus of specimens from the Epi-Jomon (Zoku-Jomon in Japanese, ca. 350 BCE–350 CE) period in Japan for taxonomic identification of plant food items and the reconstruction of human socioeconomic practices. Dental calculus was extracted from 21 individuals across six Epi-Jomon sites in Hokkaido. Moreover, 12 starch granules and starch clusters were recovered from nine individuals. The morphologies of the extracted starch granules were then classified into five types: elliptical, angular circular, polygonal, pentagonal, and damaged. Morphometric analysis indicated that a small portion of these starch granules may have derived from acorns, nuts, and bulb or tuber plants, with one starch granule supposedly from rice. Although extracted starch granules are poor predictors of food diversity at the individual level, the results can identify potential food sources of the surveyed population. This is the first study to determine how well plant microremains in dental calculus reflect a plant diet in the Epi-Jomon population. The starch granules discovered at the surveyed sites provide essential information about the utilization of plant species and cultural contacts in Hokkaido during this period. This is of great significance in reconstructing the Epi-Jomon subsistence patterns in Hokkaido and exploring cultural interactions between hunting-gathering-fishing and agrarian societies.
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Introduction

The Japanese Archipelago extends over 3,000 km from north to south and comprises four main islands: Hokkaido, Honshu, Shikoku, and Kyushu (Figure 1A). The islands exhibit differences in geography, climate, and environment, as well as regional culture. Recent radiocarbon dating results (e.g., Fujio, 2005; Sakamoto, 2007) revealed that irrigated rice farming took place in northern Kyushu, Japan, in the late Tenth century BCE (Leipe et al., 2020). After the 850s BCE, when rice farming culture spread from mainland China to northern Kyushu via the Korean Peninsula, cereal cultivation spread across most of Honshu, Shikoku, and Kyushu.
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FIGURE 1
Geographic location of the surveyed sites in Hokkaido, Japan. (A) Map of northeast Asia showing Japanese Archipelago; (B) surveyed sites; (C) location of the Rebunge, Usu-Moshiri, Usu-Oyakotsu, and Minami-Usu 6 sites. The base map is from the Geospatial Information Authority of Japan.


Conversely, in Hokkaido, the Epi-Jomon culture (Zoku-Jomon in Japanese, ca. 350 BCE–350 CE) flourished alongside the Jomon culture (Gjesfjeld, 2014; Takase, 2014, 2022; Crawford, 2018). The Epi-Jomon culture was characterized by a hunter-fisher-gatherer economy which included domesticated crop utilization introduced from outside Hokkaido (Crawford and Takamiya, 1990; Leipe et al., 2017, 2018; Aono, 2021). The Epi-Jomon culture included participation in extensive trade to procure prestigious goods (e.g., glass and stone beads and shell bracelets) and iron tools (Shitara, 2003; Hudson, 2004; Takase, 2014; Junno et al., 2020).

Takase’s studies(2014, 2022) reveal that the early Epi-Jomon people exploited resources in southern, central, and northern Hokkaido in unique ways and placed more importance on fisheries than did the Jomon people. In central Hokkaido, more foreign commodities may have been available from the first half of the Epi-Jomon period, and an economy that focused on a network of fisheries throughout the different areas of Hokkaido and on salmon fisheries may have led this area to flourish in the latter half of the period (Takase, 2014). According to the conceptual framework of Smith (2001), this hybrid subsistence economy in the Epi-Jomon period may have belonged to the “middle ground” subsistence economy (Leipe et al., 2018). In addition, Epi-Jomon sites comprise a mixture of burials and evidence of short-term occupations. This culture consisted of seasonally mobile forager communities with gradually declining demographics and moderate social differentiation (Junno et al., 2020). These short-term occupations are evidenced by few artifact deposits and burned structural remains, together with concentrations of faunal and plant remains (Crawford and Takamiya, 1990; Takase, 2014; Abe et al., 2016).

In Hokkaido—more than in other regions—extensive information on archeological plant remains has been accumulated through the active practice of flotation and wet sieving (Crawford, 2011). Many case studies and reports have been published since the key primary studies (e.g., D’Andrea, 1995b; Leipe et al., 2017, 2018) first appeared in the literature. Plant utilization in the Epi-Jomon period mainly included nuts and acorns (Juglans ailanthifolia, Castanea crenata, Fagaceae, Quercus sp., Corylus sp., and Aesculus turbinata), shrub and vine fruits (Phellodendron amurense, Lamiaceae, and Cannabis sativa), and domesticated crops (Oryza sativa, Hordeum vulgare, Echinochloa esculenta, Panicum miliaceum, and Setaria italica) (e.g., Crawford and Yoshizaki, 1987; Yoshizaki, 1988; D’Andrea, 1995a; Sakakida, 2018). The relatively few finds of domesticated crops from Epi-Jomon cultural layers are likely the result of exchange, and show evidence of imported grains of low-level use with either small-scale or no cultivation (Leipe et al., 2018). Among the aforementioned cultivated crops, at the K135–4 Chome site within the city of Sapporo, a carbonized hulled barley (Hordeum vulgare var. vulgare) grain was collected from the Epi-Jomon level (typologically dated to ca. 200–400 CE) (Crawford and Takamiya, 1990), but it has not been directly dated (Leipe et al., 2017). At the Hamanaka 2 site on northern Rebun Island, a single charred grain of naked barley (Hordeum vulgare var. nudum) revealed an age range of 375–203 BCE (95% confidence interval) by AMS 14C dating (Leipe et al., 2017). This seed represents compact naked barley, and it probably originated from the continental Russian Far East, rather than from the Japanese Islands region south of Hokkaido (Leipe et al., 2017, 2018). In addition, rice (Oryza sativa) and millets, which were reported at the Mochiyazawa site (D’Andrea, 1995a), have not been precisely dated. As impressions of domesticated cereal seeds on Epi-Jomon pottery have not yet been reported (e.g., Takase, 2011b; Sakakida, 2018), limited evidence exists for the use of domesticated crops by Epi-Jomon populations (Takase, 2014; Leipe et al., 2018).

This study aimed to reconstruct food consumption among the Epi-Jomon population by applying existing reference data to the samples obtained from Epi-Jomon individuals. By applying several previous analysis guidelines, this study examined starch granules from the dental calculus of individuals from the Epi-Jomon period in Japan for taxonomic identification of plant food items and the reconstruction of human socioeconomic practices. This study also clarified contact between hunter-gatherers and agricultural populations in the northern part of the Japanese Archipelago. Samples showing contact between the two cultures were selected chronologically and regionally.



Archeological starch studies in East Asia

Over the last two decades, analysis of starch residues has become progressively widespread across East Asia (Shibutani, 2017). Similarly, in Japanese archeology, extensive starch data have been accumulated from stone artifacts, pottery sherds, wooden materials, sediments, and dental calculus (Shibutani, 2022). Most reports examine starch data obtained from stone tools used for grinding, possibly because starch granules in surface roughness and cracks appear to be less affected by microbial activity than those in the soil (Haslam, 2004; Barton and Matthews, 2006). Since the 2000s, research has focused on the utilization of starch granules to determine tool functions (e.g., Yang et al., 2009; Liu et al., 2010; Shibutani, 2014), identification of plant domestication (e.g., Yang et al., 2012, 2015; Liu et al., 2015), and human exploitation and production of plant food (e.g., Wong et al., 2011; Shibutani, 2017; Liu et al., 2018). Although the utilization of starch granules as an indicator of plant food cooked in pottery has been less reported than that of stone tool residues, these reports have focused on cooking with pottery in the early years (e.g., Shoda et al., 2011; Shibutani, 2014; Yang et al., 2014) and beer production (Wang et al., 2016; Liu et al., 2020). The functional analysis of wooden tools has been performed less frequently within and around East Asia; however, in recent years, starch residue analysis has been attempted using ethnographic tools (e.g., Kamijo, 2014). Additionally, an experimental analysis of starch granules from archeological sediments was attempted to identify field crops cultivated by the Ainu people (Aono et al., 2021).

Starch granules from dental calculi are useful for identifying plant-derived components, particularly starchy plant food sources (Zhang et al., 2021). Dental calculus is a calcified dental plaque (Suga, 1981; White, 1997) that is mainly composed of calcium phosphate in oral indigenous bacteria and its metabolites in saliva, calcium carbonate, and magnesium phosphate (Little et al., 1963; Little and Hazen, 1964; White, 1997). The calculus becomes mineralized during an individual’s lifetime, and after death, it can be preserved if the environment is relatively stable. This means that a protected environment contributes to the long-term preservation of starch granules (Henry, 2020). Due to their chemical structures, starch granules can be preserved in conditions ranging from extremely dry to wet, and in soils and sediments with moderate to extreme pH levels (Beck and Torrence, 2006; Gott et al., 2006). Thus, studying dental calculus helps researchers understand the dietary habits and health conditions of people and resident groups, dietary changes, history of diseases, and changes in the social environment and sanitary conditions (White, 1997). Increasingly, case studies focus on the detection of phytoliths, pollen, diatoms, mineral particles, bacterial mycelium, and viruses extracted from human and animal dental calculus (e.g., Warinner et al., 2015; Hardy et al., 2017; Hutschenreuther et al., 2017). Dental calculus is considered worldwide to be a new resource for research (Yamazaki and Takahashi, 2015).

Starch granules found in the residues of stone tools and pottery sherds must be verified in conjunction with other analytical studies, and cannot always identify the species levels of processed plants or the details of their utilization (Shibutani, 2017). However, starch granules extracted from dental calculus are derived from plants that were present in the oral cavity of humans and animals and can provide evidence of ingested plants (e.g., Henry et al., 2011; Power et al., 2015; Zhang et al., 2021) and non-dietary debris, thus revealing environmental and cultural contexts (Radini et al., 2017). Although conventional methods of analysis involving starch granules are enlightening and have been applied to many archeological studies, research on starch granules from human dental calculus in East Asia remains limited, as this analysis can only be conducted by specialized researchers. In Japanese archeology, research on starch from human and animal bone remains scarce (e.g., Shimono and Takenaka, 2014; Shibutani, 2020; Yamazaki et al., 2021). This is largely because detailed analysis of dental calculus from human and animal bones is a relatively new field that emerged in the 2000s, and challenges remain in detecting starch granules from human and animal teeth. For instance, starch granules derived from dental calculus may be poorly preserved, and taxonomic identification of plant food at the species level is often difficult. Furthermore, as the Japanese Archipelago is covered extensively with acidic soil made of volcanic ash (e.g., Shibutani, 2014; Mizuno et al., 2021), the acidic conditions make bone material analysis challenging (Nafte, 2000). Thus, the reliability of starch granule analysis of dental calculus has not been adequately validated. Researchers and analysts have been seeking innovative methodologies to advance studies of starch granules in ancient remains.

Furthermore, the completeness of starch reference databases varies from region to region, with data that can be used in one region but not another. For instance, digital reference collections have been published primarily in Europe and the United States (e.g., Warinner et al., 2011; Cagnato et al., 2021). Regarding reference data in East Asia, various studies have presented candidate species of starchy plants for taxon identification of archeological starch granules (e.g., Li et al., 2020, 2022; Shibutani, 2020; Yasui, 2021); however, the criteria used for assessing starchy species of plants are sometimes subjective. With more openly accessible resource data, researchers now require more fundamental data to taxonomically identify starch and capture data provenance and reproducibility. Therefore, to further develop starch granule analysis in East Asia, researchers must share resource data and apply a comprehensive methodology.



Materials and methods


Study sites and sample collection

This study compiled 21 dental calculus samples from the following six archeological sites in Hokkaido, northern Japan: Usu-moshiri, Usu-oyakotsu, Minami-Usu 6, Rebunge, Onkoromanai, Oshonnai 2 (Figure 1B). These sites were primarily dated between the Final Jomon (ca. 1050–350 BCE) and the Epi-Jomon (ca. 350 BCE–350 CE) periods.

The Usu-Moshiri site (42°31′4ʺN, 140°46′34ʺE) is located in the Usu district of Date City on the eastern shore of Funkawan Bay (Uchiura Bay) on a small island of approximately 10,000 m2 at the mouth of Usu Bay (Figure 1C). An active volcano, Mount Usu is located northeast of this site, and Mount Komagatake in Mori Town is situated to the south. During excavations by the Second Department of Anatomy of Sapporo Medical University in 1985–1989, gravesites and burial goods dating from the Final Jomon to the Epi-Jomon periods were unearthed. Among the burial goods, bracelets made of cone shells (Conidae) from the South Seas and realistic carved wooden bear spoons revealed an exchange between the Jomon and Yayoi cultures (Oshima, 2003; Aono and Nagaya, 2021).

The six analyzed human bones in this study belong to the Final Jomon and the first half of the Epi-Jomon periods. Individual nos. 1–6 were uncovered in grave nos. 4, 7 (1), 13, 14, 16, and 17 (Figures 2A–G and Table 1). The cultural periods of grave nos. 4, 7 (1), 13, and 17 represent the early Epi-Jomon period, and the bones of individual nos. 1, 2, 3, and 6 belonged to Epi-Jomon residents. Grave nos. 14 and 16 belong to the Final Jomon period, and individual nos. 4 and 5 represent the final Jomon people.
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FIGURE 2
Conditions of dental calculus on the sampled human bone remains. (A), ID 1; (B), ID 1; (C), ID2; (D), ID 3; (E), ID 4; (F), ID 5; (G), ID 6; (H), ID 7; (I), ID 8; (J), ID 9; (K), ID 9; (L), ID 10; (M), ID 10; (N), ID11; (O), ID 12; (P), ID 13; (Q), ID 14: (R), ID 15; (S), ID 16.



TABLE 1    Dental calculus sample information (Sapmed no.: Sapporo Medical University material no.).
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The Usu-Oyakotsu site (42°30′26ʺN, 140°46′58ʺE) is situated on a sand dune facing Funkawan Bay in the Usu district of Date City and is located approximately 1 km south of the Usu-Moshiri site (Figure 1C). The site was excavated by the Date City Board of Education in 1981, and shell mounds and gravesites dating from the Epi-Jomon, Satsumon, and 17th century periods were discovered. Initially called the Minami-Usu 7 site, the name was later changed to the Usu-Oyakotsu site, because it was identified as an integral part of the adjacent Oyakotsu site (Date City Board of Education, 1984). The three analyzed human remains (individual nos. 7, 8, and 9)—reported to be bones excavated from the Minami-Usu 7 site—are attributed to the first half of the Epi-Jomon period. The conditions of their dental calculus are illustrated in Figures 2H–J.

This site’s excavation spot GP016 contained human bone specimen no. GP016 (individual no. 9), well-preserved human bone remains excavated in the prone flex position from an oval pit. Although burial goods and other artifacts were not unearthed, the previous report concluded the site to be of the Epi-Jomon period, based on the location of the excavation surface (Mineyama et al., 1984). Another excavation spot, GP021 (containing human bone individual nos. 7 and 8), had an irregular circular-planar shape with a diameter of approximately 1.4 m. Possibly a joint grave holding multiple bodies, it was dated to the first half of the Epi-Jomon period based on excavated artifacts. The partial human bones uncovered in this grave were labeled from A to H.

A unique feature of the Usu-Oyakotsu site is that the artifact inclusive layer yielded Inakadate-style pottery from the Yayoi culture located in northern Honshu. The pottery is a neckless jar, which may have been used to store seed rice by this agrarian society. This pottery serves as evidence of contact between the Epi-Jomon and Yayoi cultures in Honshu, and is significant in pursuing the possibility that non-agricultural Epi-Jomon people consumed rice.

The Minami-Usu 6 site (42°30′4.67ʺN, 140°46′55.78ʺE) is located in the Usu district of Date City, at the base of Cape Altori, the western tip of the flow topography formed by the Zenkoji debris avalanche of the Usu volcano (Dodo, 1983; Mitsuhashi, 1983). Cape Altori is a land-locked island with an elevation of approximately 27 m, and may have been recognized as a landmark from offshore. The site is situated on a low terrace face (elevation of approximately 6 m) at the northern base of the cape with the Usu-Oyakotsu site located approximately 700 m above the dune line to the north (Figure 1C).

The Minami-Usu 6 site was excavated by Sapporo Medical University in 1981 after it was discovered during the renovation of a private museum (Dodo, 1983; Mitsuhashi, 1983). During the excavation, gravesites with a shell midden and human remains, and a pit dwelling were found in a survey area of more than 68 m2. One pottery sherd, two pieces of gravel, and a stone axe were found buried at the base of a gravesite (Mitsuhashi, 1983), revealing specific features of the first half of the Epi-Jomon period. An analyzed human bone (individual no. 10) excavated from a grave pit was attributed to the first half of the Epi-Jomon period (Figure 2L). A previous study (Dodo, 1983) identified the bone as belonging to an adolescent female.

The Rebunge site (42°34′38ʺN, 140°35′22ʺE), occupied in the first half of the Epi-Jomon period, is a shell mound site located on the northern shore of Funkawan Bay (Figure 1C), near the mouth of the right shore of the Rebunge River. The area comprises a river terrace (1 km wide and 8 km deep), which developed at the mouth of the Rebunge River and the surrounding hills. Situated on a micro-elevation composed of floodplain sediments, the site was excavated by Sapporo Medical University from 1963 to 1965. Gravesites, shell mounds, human bone remains, and artifacts dating from the first half of the Epi-Jomon period were unearthed during this excavation (Mineyama et al., 1972; Matsuda and Aono, 2003).

The three analyzed human bone remains (individual nos. 11, 12, and 13) were excavated from gravesites attributed to the first half of the Epi-Jomon period (Figures 2N–P). In 1991, the university conducted another survey (Matsuda and Aono, 2003), but did not analyze any human bone remains.

The Onkoromanai site (45°30′0ʺN, 141°53′24ʺE) is situated in coastal sandy soil on the left bank of the mouth of the Onkoromanai River (Figure 1B). This site was excavated by the Department of Cultural Anthropology of the University of Tokyo in October 1959.

Excavated from a soil layer attributed to the Epi-Jomon period, five human bone remains were associated with this period (Yamaguchi, 1963) and later stored at Sapporo Medical University. Two analyzed human bone remains (individual nos. 14 and 15) were uncovered in the soil layer attributed to the latter half of the Epi-Jomon period (Figures 2Q,R).

The Oshonnai 2 site (45°26′23ʺ N, 141°2′23ʺ E), mainly occupied in the early half of the Epi-Jomon period, is situated in the northern part of Rebun-cho, on a coastal dune at an elevation of 3.5 m (Figure 1). The famous Oshonnai and Funadomari sites of the Late Jomon period lie to the west of this site, which was excavated by the Rebun-cho Board of Education in 2000 to construct the new Funadomari post office. Three graves containing human bone remains from the first half of the Epi-Jomon period were discovered (Fujisawa, 2001). Identified as those of an adolescent male (Figure 2S), analyzed human bone remains (individual no. 16) excavated from grave no. 2 were associated with the first half of the Epi-Jomon period.

The surveyed human bone remains excavated from the Usu-Moshiri site are owned, managed, and stored by the Date City Institute of Funkawan Culture, to which one of the authors (YN) belongs. Bone remains from the other sites are owned by the municipalities where the sites are located and stored by Sapporo Medical University, enabling physical anthropological analysis. Permission was obtained from these institutions for the analysis of dental calculus. Human bone remains with the following two conditions were selected: (1) good state of preservation with dental pieces from which a sample could be obtained, and (2) availability of other samples for reproducibility in future analyses. A total of 21 dental calculus samples were selected from 16 individuals (Table 1).



Starch extraction and identification

For the extraction of dental calculus, the authors followed a methodology proposed by established laboratory operations (e.g., Madella et al., 2014; Power et al., 2014; Leonard et al., 2015), with minor modifications:


1.The sample was weighed, 40 μl of 10% hydrogen chloride (HCl) was added, and the mixture was left in a clean booth at room temperature for 24 h.

2.After 24 h, the sample was centrifuged (13,500 rpm for 10 min), and the supernatant liquid was removed. Subsequently, 40 μl of distilled water was added and stirred.

3.The stirred sample was centrifuged again (13,500 rpm for 10 min). The supernatant liquid was removed, and 40 μl of purified water was added.

4.Soon after the addition of purified water, a third centrifugation was conducted (13,500 rpm for 10 min). The supernatant liquid was removed and the sample was dried naturally at room temperature in a clean booth.

5.Finally, 40 μl of purified water was added to the dried sample.



This paper reported the results using the aforementioned method. Although this method has been applied to multiple other cases and the results showed well-preserved starch granules (e.g., Yamazaki et al., 2021; Shibutani et al., 2022), comparative experiments should be conducted using other extraction methods, such as ethylenediaminetetraacetic acid (EDTA) decalcification (Tromp et al., 2017) and weaker chemical extraction, to confirm greater quantitative and qualitative reproducibility. These methods are demonstrated to be less destructive; thus, our future research will apply them to samples from the same archeological sites used in the current study. If more well-preserved starch granules can be extracted from dental calculus samples by these other methods, it may be possible to draw more conclusions regarding the Epi-Jomon diet.

All samples were prepared utilizing the same method applied to create the modern starch reference collection (Shibutani, 2006, 2010b) for preparing permanent slides. After centrifugation (1,300 rpm for 1 min), 8 μl of the sample were sealed with 8 μl of glycerol gelatin (refractive index 1.46–1.48) as a mounting medium, and at least two slides per sample were prepared. In addition, slides without any samples were prepared to check for contamination of the glass slides, coverslips, and mounting medium. An Olympus BX53-33Z light microscope (OLYMPUS, Japan) with a polarizer and a WRAYCAM-NF500 microscope camera (Wraymer, Japan) were used to perform two-dimensional (2D) measurements and other examinations. All slides were scanned at 100–1000 × magnification, and the starch slides were photographed at 400 × magnification.

To identify archeological starch granules, previous studies have employed an image comparison method, such as taxonomic identification, followed by shape, size, location of the hilum, surface conditions, and extinction cross shapes. As part of this identification method, modern starch image data have been published to confirm the significant comparative reference points of archeological data (e.g., Lentfer, 2009; Warinner et al., 2011; Cagnato et al., 2021). However, these publications cannot adequately explain starchy plant utilization at Japanese sites or the morphological variations in archeological starch granules. The available starch data cannot be applied to the archeological context in Japan, and an original reference collection is required. Furthermore, taphonomic problems associated with starch granules in Japan must be resolved. In this study, species identification and classification of archeologically-derived starch granules were based on comparisons with a modern starch reference collection established by one of this study’s authors (e.g., Shibutani, 2006, 2010a) and with previously published starch data in East Asia (e.g., Yang et al., 2014; Liu et al., 2019; Li et al., 2022).




Results

As shown in Tables 1, 2, 13 starch granules were extracted from nine out of 16 individuals. Among these starch granules, four were recovered from three individuals (nos. 1, 3, and 6) of the Usu-Moshiri site, four from two individuals (nos. 7 and 9) of the Usu-Oyakotsu site, four from two individuals (nos. 11 and 13) of the Rebunge site, and one from an individual (no. 14) of the Onkoromanai site. Seven granules were identifiable by comparison with reference data. The other six granules were degraded, and their original morphologies remain unknown. In addition to starch granules, unidentifiable plant fibers and cells were observed in a much smaller proportion.


TABLE 2    Extracted starch granules from dental calculus samples.
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Starch granules

The morphologies of the extracted starch granules were classified into five types: elliptical, angular circular, polygonal, pentagonal, and damaged (Figure 3 and Table 2). Extinction crosses were mostly vertical. Gammadion, reverse gammadion, and vanished crosses were also observed.
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FIGURE 3
Starch grains from the surveyed dental residue samples. Scale bar: 10 μm; photographed at 400× magnification; left: brightfield, right: brightfield with cross-polarized light. (A) Damaged starch grain of unknown species from ID 1; (B1) starch grains of unknown species from ID 3; (B2) possibly Quercus starch grain from ID 3; (C) bulb or tuber starch grain from ID 6; (D) possibly Oryza starch grain from ID 7; (E) damaged starch grain of unknown species from ID 7; (F) bulb or tuber starch grain from ID 9; (G) possibly Juglans starch grain from ID 9; (H) damaged starch grain from unknown species from ID 11; (I) possibly Castanea or Quercus starch grain from ID 11; (J) possibly Castanea or Quercus starch grain from ID 13; (K) damaged starch grain from unknown species from ID 13; (L) damaged starch grain of unknown species (Poaceae type?) from ID 14.


According to the reference collection and published starch data, many 2D shapes of nut (e.g., Castanea crenata, Aesculus turbinata, and Corylus heterophylla var. thunbergii) and acorn (Quercus sp. and other Fagaceae) starch granules are primarily round, elliptical, or semi-elliptical with vertical and diagonal extinction crosses. The center of the extinction crosses in the Castanea crenata and Quercus species appears as a dark linear area (Shibutani, 2010a). These types of starch granules were found in the Usu-Moshiri (Figure 3B2) and Rebunge samples (Figures 3I,J), of which the Usu-Moshiri granule may represent the Quercus species, and the Rebunge granules may be derived from the Castanea crenata or Quercus species.

Other elliptical and angular circular starch granules may be derived from bulbs or tubers. These extinction crosses are bent like gammadions, and their lamellae and eccentric hila exhibit a dark linear area. These starch granules were extracted from Usu-Moshiri (Figure 3C) and Usu-Oyakotsu samples (Figure 3F). Many tubers and roots contain this starch granule morphotype, and further precise identification is not currently possible.

The polyhedral body of starch granules is principally produced by Japanese barnyard millet (Echinochloa esculenta), foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), or rice (Oryza sativa). Other Poaceae starch granules, e.g., starch granules of barley (Hordeum vulgare), of which carbonized remains were reported in the Epi-Jomon sites (e.g., D’Andrea, 1995a; Sakakida, 2018), consist mainly of a mixture of large lenticular granules (10–30 μm) and smaller irregularly shaped (less than 6 μm) granules (Vasanthan and Hoover, 2009; Zhu, 2017). Starch granules with smaller diameters (5.0–8.3 μM approximately), sharper edges, and hexagonal shapes have been observed in rice (Shibutani, 2010a). The reference collection and published starch data indicate that the sizes of polygonal starch granules from Echinochloa esculenta, Setaria italica, and Panicum miliaceaum are larger than those of rice starch. Based on these, although the number of recovered starch granules was limited, a polygonal (possibly hexagonal) starch granule from Usu-Oyakotsu (Figure 3D) may be identified from an Oryza sativa.

Pentagonal shapes (near-crushed rectangular shapes) with closed and centrally located hila are also present in Japanese walnut species (Juglans ailanthifolia), based on the previously reported starch data (e.g., Shibutani, 2010a; Yasui, 2021). This particular shape of starch granules recovered from Usu-Oyakotsu (Figure 3G) was possibly derived from Juglans ailanthifolia.

Damaged starch granules were found at the Usu-Moshiri (Figure 3A), Usu-Oyakotsu (Figure 3E), Rebunge (Figures 3H,K), and Onkoromanai sites (Figure 3L). Broken or gelatinized, their lamellae, hilum, and extinction crosses were fuzzy and invisible. A cracked starch granule from Onkoromanai (Figure 3L) likely derived from Poaceae with polygonal-shaped starch granules (possibly not Oryza sativa); however, its whole shape is unknown and it could not be identified at the species level. A broken and expanded starch granule found at the Rebunge site (Figure 3K) was affected by heat treatment, such as cooking.



Other plant organ fragments

Fibers, cells of unknown biological origin, and other fragments (or non-plants) were identified in all the surveyed samples. Lacking biological attributes and not identifiable to plant species, these fragments are not discussed in this study.




Discussion

The results of this study are limited, but provide preliminary evidence for the Epi-Jomon diet and contact with agrarian cultures. A total of 13 starch granules were extracted from nine individuals, and a possible Oryza sativa starch granule indicates the possibility that rice may have been imported from outside Hokkaido. However, given the billions of starch granules that enter the mouth in each bite, it is difficult to confirm that a small portion of identified starch granules represented part of a regular diet. The possibility that the decalcification process in this study has affected the recovered starch granules and other plant organ fragments must be re-examined. If future studies apply more current techniques in starch extraction to the samples at the same sites, better preserved starch granules might be recovered and other new evidence might indicate plant food sources in the Epi-Jomon period.


Plant food resources by human dental calculus analysis

Wild plant resources, such as root plants, acorns, and nuts, may have been crucial to the Epi-Jomon people as well as the Jomon people. This is especially true of roots and tubers which are easy to collect and process, and contain rich starches. Since prehistory, these starchy plants have been one of the most common food sources. However, they decompose easily due to the soil conditions of the Japanese Archipelago. Hence, their evident macrobotanical remains are difficult to locate at the sites, except for carbonized crusts that adhere to pottery (Sasaki et al., 2007; Kudo and Sasaki, 2010; Shibutani, 2014).

Starch granules and a few other plant microfossils extracted from human dental remains in this study provide preliminary information concerning human diets and plant food resources during the Epi-Jomon period. Acorns (Quercus sp.), nuts (Castanea crenata, Juglans ailanthifolia), bulbs or tubers, and cereals (Oryza sativa, other species in Poaceae with polygonal starch granules) may have been used by Epi-Jomon populations at the surveyed sites. In contrast to some reports outside Japan, such as in China (e.g., Shibutani, 2020; Chen et al., 2021; Wu et al., 2021), the number of starch granules detected in this study was small, and the total proportion of extracted starch within the entire assemblage from the Usu-Moshiri, Usu-Oyakotsu, and Rebunge sites was insufficient to directly compare variations in food resources. However, acorns (Quercus sp.), nuts (Castanea crenata, Juglans ailanthifolia), bulbs or tubers, and cereals (Oryza sativa, other species in Poaceae with polygonal starch granules) may have been used by Epi-Jomon populations at these sites.

Previous studies (e.g., D’Andrea, 1995a; Crawford, 1997, 2011) indicated that plant remains from Epi-Jomon sites primarily represent nuts, shrub and vine fruits, and cultivated cereals introduced from outside Hokkaido. Carbonized remains of such plants from the relevant period were found at the sites in Hokkaido (e.g., Yoshizaki, 1988; Crawford, 2011; Sakakida, 2018). However, many details of these plant food sources among Epi-Jomon populations are not yet understood. Additional dental calculus samples must be examined in a future study to further examine this issue.



Contact between hunter-gatherer and agricultural cultures

A related project containing this study result is currently reconstructing social transformation through contact between hunter-gatherer and agrarian cultures. Similar to comparisons between different pottery cultures in the Jomon period (e.g., Okamura, 1997; Kobayashi and Sakamoto, 2015), Japanese archeological research has focused on elucidating the actual state of interaction between different regional cultures in any period. The presence of many similar underlying cultural elements with small differences between regional cultures, determined through artifact analysis, indicates cultural influence; however, it is difficult to determine the specific content and process of exchange of these influences. To solve this issue, studies must select an appropriate period and region with clear cultural differences and show specific examples of social transformation caused by cultural contact.

Various discussions on the Yayoi and Epi-Jomon economies (e.g., Shitara, 2003; Makibayashi, 2010; Takase, 2014) have explained differences in their subsistence (i.e., comparison of agrarian and hunting-gathering-fishing societies) as being related to variations in latitude, temperature, and regional distance from the cultural cores. According to a previous study (Aono, 2011), after the final Jomon period, the number of shell mounds decreased throughout the Japanese Archipelago due to temporary rapid warming and subsequent climate change.

Under these environmental conditions, rice farming began in the Tsugaru plain of Aomori Prefecture, in the northern part of Honshu, from the middle of the 4th century BCE to the 3rd century BCE (Fujio, 2004; Shitara, 2014; Aono, 2021). For instance, the Sunazawa site in Hirosaki City, Aomori Prefecture, is the northernmost and oldest site in eastern Japan and is representative of the Yayoi rice paddy site (Takase, 2011a; Shitara, 2014). After rice farming began in Honshu, various social changes occurred, including the location and structure of settlements, interaction with hunter-fishers, and rituals (Shitara, 2014; Mizoguchi, 2020). In Hokkaido, people continued the tradition of hunting and gathering, and fishermen introduced various elements of Yayoi culture (metal tools, ornaments, and burial systems), diverging from the lifeways of the Final Jomon period (Crawford, 2011, 2018; Junno et al., 2020; Aono, 2021). Thereafter, differences and some exchanges in the Yayoi and Epi-Jomon cultures may have developed, even in the utilization of plant resources.

According to previous studies (Crawford, 1997, 2018; Takase, 2014), plant utilization actively continued between the Jomon and Epi-Jomon cultures, and the use of starchy plants such as acorns and nuts may have been prevalent even in the Epi-Jomon period. The starch residues in the present study suggested that starchy plant resources were consumed by their residents; however, such residues were not evident for domesticated plants introduced from agricultural areas. When more starch data from samples in other Epi-Jomon sites are analyzed, this discussion will be re-examined.




Conclusion

This was the first study to determine how plant microremains in dental calculus reflected plant diet at the Epi-Jomon sites in Hokkaido. This study identified several possible plant species from starch granules in dental calculus samples from nine human bone remains, providing evidence of plant foods consumed by the Epi-Jomon inhabitants in Hokkaido. Morphometric analysis indicated that a small portion of these starch granules may have been derived from acorns, nuts, and bulb or tuber plants with one starch granule supposedly from rice.

The Epi-Jomon people of Hokkaido likely employed subsistence strategies until the Final Jomon period, while being concurrently affected by agrarian societies, such as in the Tohoku area. Based on previous archaeobotanical research conducted in Hokkaido, this study indicated the possibility that the subsistence economy in the Epi-Jomon period continued to be a hunting-gathering-fishing economy that was influenced by contact with agrarian societies. The starch granules recovered at the surveyed sites provided valuable insight regarding the utilization of starchy food sources and cultural contacts in northern Honshu in this period. This is of great significance in reconstructing the Epi-Jomon subsistence patterns in Hokkaido and exploring cultural interactions between hunting-gathering-fishing and agrarian societies.

This study detected few starch granules, for which the preservation was mostly poor. One of the main reasons may have been that the starch granules were damaged by heat-treatment. In addition, a decalcification chemical utilized in this study may have affected the surveyed samples. As mentioned in the Introduction section, in Japan, research on starch from human and animal bone remains is scarce, and acidic soil conditions created by volcanic ash can make bone material analyses challenging in many cases. Thus, comparative experiments of decalcification methods will be conducted to ensure less destructive analysis of archeological dental calculus samples in future studies.

This study indicated that microfossil analyses of dental calculus have significant potential for future studies of human dietary composition in the Hokkaido region. Future studies on contact between other hunter-gatherer and agrarian societies may be able to build upon these techniques to demonstrate cultural interactions.
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The chemical analysis of animal bones from ancient sites has become a common approach in archeological research investigating animal utilization and domestication by past humans. Although several chemical indicators have been used to determine pig management practices in ancient societies, one indicator that can clarify human-animal relationships in the early stages of domestication is the change in the animal’s diet from its wild diet, which can be detected using isotope analysis of its bones. Omnivores, such as boars, are assumed to have shared foods with humans as their interaction increased, and a shift in the isotopic (carbon and nitrogen) compositions of their bone collagen toward humans are considered evidence of domestication. This approach has found evidence of early-stage pig management with human leftovers and feces in prehistoric East Asia, including in Neolithic China, Korea and Japan. However, in the Near East, one of the origins of animal domestication, even individual animals considered to be domesticated pigs according to zooarcheological data (such as morphological characteristics and mortality patterns) display isotopic compositions of bulk collagen that differ from those of humans but are close to those of herbivores. This result indicates that these pigs were fed special foods, such as legumes, rather than human leftovers or feces. However, the carbon and nitrogen isotopic compositions of the bulk collagen of herbivores found at the same sites showed huge variations, so the interpretation of the pigs’ diet is consequently unclear. In this study, a compound-specific nitrogen isotope analysis was used to clarify the pig diet and management strategies unique to the Neolithic Near East, Turkey and Syria, together with a carbon and nitrogen isotope analysis of bulk collagen. This study examines the diversity of pig management techniques in early agricultural societies and their relationship with the availability of other domestic animals and farming practices.
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Introduction

Sus scrofa, a species that includes wild boar and domesticated pig, was independently domesticated wild boars in several world regions (Larson and Fuller, 2014; Price and Hongo, 2019; Hongo et al., 2021). Whether the traditional management of S. scrofa was similar worldwide and in various cultures, especially during its primitive stages, or included many variations remains unclear. Most notably, the eastern and western margins of Asia, where the emergence of agriculture independent took place, seem to be essential regions as places of origin for domesticated pigs and as model cases for the type of pig husbandry based on each culture.

Sus scrofa, as an omnivore, can adapt to a diverse diet, and the diet is also susceptible to change due to anthropogenic influences. Although wild boars have been observed to prey on insects, earthworms, frogs, and other small animals, a quantitative evaluation of the diet of wild boars revealed a strong dependence on plant food resources and a tendency toward herbivory (Studnitz et al., 2007; Ballari and Barrios-García, 2014). Similar food preferences have been observed in rewilded pigs that had been once domesticated (Signoret et al., 1975), and it is expected that similar preferences to be maintained in domesticated pigs. By contrast, because the pigs prefer human leftovers, garbage, and fecal waste produced as by-products of daily life and agriculture, they have the opportunity to consume animal protein in an anthropogenic environment. Furthermore, even if humans did not feed leftovers and waste to pigs intentionally, the omnivores with free-ranging might search for and consume leftover human foods in prehistoric settlements. Free-ranging pigs sometimes can be associated with past waste management practices of having pigs scavenge garbage in a settlement, especially in an urban environment (Price et al., 2017; Price, 2021).

It is known for two main types of traditional pig husbandry: intensive husbandry and large-scale extensively managed herds. In intensive husbandry, pigs can be confined to pens and fed fodder, human food leftover, or waste products, a situation suitable for small-scale household fattening in domestic units (Zeder, 1996; Shelach, 2006; Redding, 2015; Price et al., 2017). The characteristics that allow pigs to feed on the by-products of daily human life and agriculture without moving far from the village make them suitable for small-scale domestic production. Pigs can eat leaves and vines, which occur as crop by-products in fields and gardens, and scavenge for the waste, leftover food, and feces dumped in a village. It is also known from historical documents and pottery miniatures that pig pens were attached to human toilets in historical China, where pigs were reared on human feces and leftovers (Nemeth, 1998; Liu and Jones, 2016; Lander et al., 2020). The small pig pens joined with houses are considered a residential form optimized for small-scale intensive pig husbandry by the household units.

Extensive husbandry of pigs has been mentioned in ancient Mesopotamia (Redding, 2015; Price et al., 2017) and ethnographic cases in Europa (Albarella et al., 2011; Halstead and Isaakidou, 2011; Hadjikoumis, 2012) in the context of being used in conjunction with intensive domestic husbandry. The advantage of this husbandry method is that a large number of pigs can be managed with a limited workforce and feeding costs. In extensive husbandry, pigs can be pastured into meadows or forests like sheep and cattle. To prevent pastured pigs from destroying crops, they were not allowed to range freely but were sometimes accompanied by herders who took them around (Albarella et al., 2011; Halstead and Isaakidou, 2011; Hadjikoumis, 2012). In Spain, for example, it is known that traditional pig husbandry referred to as the acorn-hog economy, was practiced. In this extensive husbandry, the pastured pigs mainly consumed acorns from oak forests and other tree fruits such as olives, chestnuts, and figs when available (Hadjikoumis, 2012).

Besides, in Greece, two main types of traditional pig husbandry have been identified: small-scale household fattening in domestic units belonging to intensive husbandry and large-scale extensively managed herds (Halstead and Isaakidou, 2011). In many cases of household fattening, pigs were raised mainly for domestic consumption and were managed in enclosures containing one or a few pigs. It is thought that the pigs were fed acorns, cereal grains, agricultural by-products, and weeded grass. Food scraps and whey, a by-product of cheese production, were reportedly given more often to household pigs than to extensively manage herded pigs. Although household pigs were fed animal-based foods, such as leftovers and dairy by-products, there is no mention of feeding them human feces, unlike traditional pig management in East Asia, where it has been practiced until recently.

By contrast, the management of pigs with extensively managed herding seems similar to the management of herd ruminants, such as sheep and cattle (Halstead and Isaakidou, 2011). As with sheep, pig herds were grazed away from a village under the care of herders or dogs. There have been cases in which pigs were herded together with sheep. The herded pigs fed on young leaves, grass, berries, fallen fruit in spring and summer, acorns in autumn, mushrooms in winter, and grassroots in winter. They also appear to have been eating insects and snails, but their contribution was probably not significant in quantity. Thus, the pigs’ diet during extensively managed herding differed little from that of wild boars.

Both intensive husbandry by human leftover or garbage and large-scale extensively managed herds using the blessings of the forest were strategies of economically producing meat by exploiting the food preference of pigs, but the diets of the pigs envisioned were very different. The choice of which strategy each prehistoric society would favor more would be related to its cultural and social relationships with animals (Russell, 2011). The boundaries of the regions in which each strategy was taken may also be related to the natural environment and the cultivation of cereals, the means of food production paired with livestock.

Thus, both the Neolithic Near East, with its origins in wheat and barley cultivation, and Neolithic East Asia, with its origins in millet and paddy rice cultivation, a fascinating subject for cases of prehistoric pig husbandries. The traditions of this pig husbandry found in historiographical studies and modern ethnographic cases within their respective regions can stretch back to the prehistoric period, a matter for more discussion. However, it is difficult to make general assumptions about the diets of prehistoric pigs managed by not involving enclosure in a pig pen. For instance, the extensive pig husbandry by pasture and the free-ranging pig in a settlement is sometimes not distinguished, especially in discussions of pig management in the past. This is even though these pig’s diet can be divided into herbivory, which relies on outskirt vegetation, and omnivory, which relies on abundant animal protein through human leftover and feces. Therefore, in addition to indirectly inferring pig management and feeding on pig pen remains, there must be a way to reconstruct pig diets directly.


Reconstruct past pig feeding by isotope analyses

Much recent research has estimated the foods pigs were fed in past communities by directly reconstructing the diets of individual pigs excavated from archeological sites based on the carbon and nitrogen stable isotopic compositions of bone collagen (δ13Ccol and δ15Ncol, respectively). Each organism’s stable carbon and nitrogen isotope ratios are the precise results of its ecology and position in the food chain (Schoeninger and Deniro, 1984). Typically, the δ13C value of an organism is primarily used to indicate its ecosystem and the contributions of different types of cereals to its diet. It is known that consumers of C4 plants or marine resources generally show a δ13Ccol value higher than that of consumers of terrestrial C3 plants (O’Leary, 1981). Moreover, because the δ15N values for the body tissues of predators are 1.5–5‰ higher than those of its prey organisms within the same environment, the δ15N value for each organism will vary depending on its trophic position (Minagawa and Wada, 1984). Therefore, tissue δ15N values are valuable indicators of animal prey-predator relationships, and δ15Ncol can indicate the proportion of animal protein in an omnivorous animal’s diet in prehistoric societies.

For example, studies in Europe and the Near East have reported that the δ15Ncol for pigs at urban sites increased in later periods of historic ages (Richards et al., 2002). This shift indicates that the carnivorous of the pigs increased with progress toward urbanization. This result is consistent with textual and zooarcheological studies suggesting that pigs functioned as an inexpensive protein resource fed on leftover waste for lower classes in urban settlements in the Near East (Redding, 2015; Price et al., 2017; Price, 2021). In Denmark, the diets of wild boars from Mesolithic sites generally reflected their consumption of terrestrial plant resources. However, some bones of S. scrofa from Fannerup, a shell midden site dating from the late Mesolithic period, showed high δ13Ccol and δ15Ncol values, similar to humans and dogs (Maring and Riede, 2019). This indicates that the suids at Fannerup were domesticated pigs to which humans fed marine resources. Even in ancient China, high δ13Ccol and δ15Ncol values, similar to those of humans, are helpful indicators of domesticated pigs (Hu et al., 2009). However, in the Near East, the δ15Ncol of pigs, which are presumed to have been domesticated at Neolithic sites, is reported to be lower than those of cattle and other herbivorous livestock (e.g., Lösch et al., 2006; Vaughan et al., 2013; Itahashi et al., 2018), casting doubt on the theory that domesticated pigs had a omnivorous diet with rich animal proteins, similar to that of humans and dogs. It seems necessary to assume a different model of pig management in prehistoric rural villages before urbanization, especially in Neolithic settlements in the Near East, than in ancient Mesopotamian cities in later periods. Furthermore, wild boars and domesticated pigs have shown similar δ15Ncol values at Middle and Late Neolithic sites at Arbon, Switzerland (Richards et al., 2002).

Estimating pig feeding using the isotope analysis of bone collagen involves methodological uncertainties. The values of the bulk carbon and nitrogen isotope analysis, including bone collagen, are affected by isotopic variations in the end members as food resources in the ecosystem when calculating the animal protein-consumption of the target. In the ancient Near East, it has been reported that the δ15N and δ13C of charred kernels of cereals found at sites varied with periods (Araus et al., 2014). It was showed the δ15N of charred cereals decreased over time, which was interpreted as cultivation occurring under soil conditions that were gradually less fertile. On the other hand, variations in δ15N of millet grains due to manuring have been reported in the Neolithic sites in China (Wang et al., 2018), and the increase in crop δ15N due to manuring should be considered in cultures that actively applied manure (Szpak, 2014).

Moreover, it was reported that paddy rice indicates higher δ15N than dry crops within sites in the ancient Korean Peninsula (Shoda et al., 2021). This is because wet cultivated rice in the paddy field has elevated δ15N due to denitrification in wet conditions (Yoneyama et al., 1990). Due to the variability in crop δ15N, the isotope compositions of human food leftovers also varied, but wild vegetations were expected to be independent of this anthropogenic crop variability. It is necessary to assume that pigs are fed crops, and wild vegetation in the case of extensive husbandry and differences in δ15N among plant resources is an obstacle to calculating the carnivorous of ancient pigs. Therefore, unlike bulk isotopic analysis of bone collagen, a dietary reconstruction that is less sensitive to the variations of end-member values should be better.

The analysis of compound-specific nitrogen isotopes of individual amino acids has been used to estimate animal food intake (animal protein consumption rate). The method has also been applied to ancient animals, and human remains (Styring et al., 2010; Naito et al., 2013; Itahashi et al., 2020). Because this approach is based on a difference in the trophic isotope discrimination of two common amino acids (glutamic acid and phenylalanine), the trophic position (TP) of an organism can be estimated with more precision without the prey’s values as a baseline (Ohkouchi et al., 2017; Figure 1). The difference in the δ15NGlu and δ15NPhe values (Δ15NGlu–Phe) of terrestrial vascular plants has been reported to show the constant values with a minor variation (Ramirez et al., 2021), and the Δ15NGlu–Phe value for animals increases with each step up the food chain from primary producers (Tejada et al., 2021). Therefore, an individual’s TP and animal protein consumption rate can be estimated from Δ15NGlu–Phe. Several different equations have been proposed to calculate the TPs in terrestrial ecosystems (TPter) from Δ15NGlu–Phe; however, this study uses the equation of Chikaraishi et al. (2010) for terrestrial ecosystems:
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FIGURE 1
δ15NPhe and estimated trophic positions based on Δ15NGlu–Phe for organism in terrestrial (TPter) and aquatic ecosystem (TPaqua) according to Chikaraishi et al. (2010) and Itahashi et al. (2020). TPs of aquatic ecosystems are calculated differently to those of terrestrial ecosystems based on difference of the Δ15NGlu–Phe between primary producers in aquatic ecosystems and in terrestrial ecosystems.


With this method, it was shown that the wild boars at a Neolithic hunter-gatherer site in Turkey consumed plant resources and had a TPter of 2.1, close to that of herbivores (TPter = 2), such as wild deer, sheep, and goats (Itahashi et al., 2017).

This article reviews the results of analyses of the stable carbon and nitrogen isotopes of collagen and the compound-specific nitrogen isotopes of individual amino acids in S. scrofa in prehistoric societies, focusing on the Near East. A hypothesis is proposed that there were regional differences in the early pig management practices of the different agricultural cultures emerging in East Asia and the Near East.




Review of isotope results for prehistoric pigs


Isotopic compositions in pigs in prehistoric East Asia


Isotope analysis of collagen

China is regarded as one of the original locations of pig domestication worldwide (Lander et al., 2020). In Northern China, where foxtail and broomcorn millets were the dominant crops, S. scrofa remains at the Jiahu site (7000–5700 cal BC) in Henan Province, providing the oldest morphological evidence of domestication (Cucchi et al., 2011; Table 1). In China, the average δ13Ccol of wild herbivores is usually approximately −20‰, indicating that they mainly consume C3 plants. However, at Neolithic sites of millet-cultivating cultures in northern China, the average δ13Ccol value for S. scrofa is often approximately −10‰, indicating that humans fed these pigs (Pechenkina et al., 2005). It is believed that humans at the site deliberately fed the pigs with cultivated millet, a C4 plant. For example, at the Dadiwan site, humans and dogs had high δ13Ccol values, indicating their consumption of C4 plants during the Laoguantai period (5900–5200 cal BC), whereas the suids at the site showed low δ13Ccol values, indicating their dependence on C3 plants (Barton et al., 2009; Figure 2). However, during the Yangshao period (4800–4000 cal BC), some S. scrofa bones showed δ13Ccol values as high as those of humans and dogs, which were considered to indicate that domesticated pigs were fed C4 plants. At Xinglonggou, Inner Mongolia, δ13Ccol of S. scrofa and deer (Cervid) in the Early (6200–5400 cal BC) and Late Neolithic period (4500–3000 cal BC) and Bronze Age (2200–1600 cal BC) have been reported (Liu et al., 2012). The Early Neolithic humans at this site had high δ13Ccol, indicating that their diets were dependent on C4 plants likely millet. However, the δ13Ccol of the pigs from the Early and Late Neolithic occupation layers indicate low trophic C3 diets like those of deer. On the other hand, dogs of the same period showed δ13Ccol values that vary from that similar with the humans to that similar with Cervid. However, by the Bronze Age, Xinglonggou pigs appear to have shifted to a high δ13Ccol, like dogs, and become dependent on anthropogenic feed. At a Taosi site (2500–2000 cal BC) located in Shanxi Province, more than 80% of excavated animal bones were from S. scrofa, and most were considered domesticated individuals fed anthropogenic resources, with δ13Ccol values similar to those of humans. Few were considered wild boars (Chen et al., 2017).


TABLE 1    Carbon and nitrogen isotopic compositions of bone collagen for Sus scrofa, Cervid, and humans at prehistoric sites in China and Korea.
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FIGURE 2
Location of the sites of the East Asia discussed in the paper.


Domesticated pigs in China may also have differed from wild pigs in their δ15Ncol values (Table 1). The S. scrofa at the Dadiwan site in the Laoguantai period had a lower δ15N value than Cervid, whereas these in the Yangshao period had a higher value than those of deer and Laoguantai-period individuals (Barton et al., 2009). In the Yangshao period, the pigs not only consumed C4 plants, as did humans and dogs but also appeared to have had an animal protein intake more significant than that of wild boars in the Laoguantai period. Likewise, the suids from Xinglonggou showed lower δ15Ncol values than deer during the Neolithic period, but the δ15Ncol changed to higher than that of the deer and reversed during the Bronze Age (Liu et al., 2012). The S. scrofa at the Nancheng cemetery site in Hebei Province during the Proto-Shang period (2000–1600 cal BC) also had higher δ15Ncol and δ13Ccol values than deer and sheep, which is interpreted to indicate that these pigs were fed human leftovers and feces (Ma et al., 2016).

Dingsishan site in Guangxi Province is considered to have been a hunter-gatherer-fisher site in Middle Neolithic period (6000–5000 BC), and this population of the site showed no evidence of C4 plant contribution to the human diets (Zhu et al., 2021). S. scrofa at this site shows low δ15Ncol comparable to that of muntjac deer, indicating C3 plant consumer (Table 1). At the Houjiazhai site in Anhui Province, the human population cultivated rice with only limited use of C4 plants. At the Neolithic Houjiazhai site (5300–3200 cal BC), the δ13Ccol value of S. scrofa indicated that they belonged to a C3 plant ecosystem, whereas their δ15Ncol value varied widely, from as low as that of Sika deer to as high as that of tigers (Dai et al., 2019). Similarly, at Tianluoshan, a middle Neolithic site (5000–4000 cal BC) in Zhejiang Province where human populations consumed mainly rice, the δ15Ncol value of S. scrofa varied significantly, ranging from as low as that of Sika deer to as high as that of dogs (Itahashi et al., 2021). These results are attributed to the human consumption of wild boars with low δ15Ncol and domesticated pigs with high δ15Ncol in Houjiazhai and Tianluoshan. At many other prehistoric sites in China (e.g., Chen et al., 2017; Lee et al., 2020), many S. scrofa remains considered to be from domesticated pigs also showed δ15Ncol values closer to those of the humans and dogs at the same site than to those of deer and other herbivorous animals, indicating that domesticated pigs consumed foods containing animal protein, such as human leftovers and feces.

Although only sites in south Korea where δ15Ncol of S. scrofa has been reported on the Korean Peninsula, it is reported that almost of the suids from Neolithic sites are considered wild boar. Wild boars of the middle Chulmun period (3500–2000 cal BC) found from Tongsamdong shell midden at Yongdo island in South Korea (Figure 2) showed δ15Ncol as low as Sika deer (Choy and Richards, 2010). By contrast, at a Nukdo shell midden site in the Proto-Three Kingdoms period as the early Iron Age period (300 cal BC–1 cal AD), some S. scrofa in individuals identified as wild boar were found to have high δ15Ncol than other individuals (Choy and Richards, 2009). These individuals were not entirely wild but were considered domesticated pigs or commensal individuals that scavenged near the settlement for human food or waste. Furthermore, a domesticated pig from the Imdang burial mounds in North Gyeongsang Province, South Korea, during the Proto-Three Kingdom to the initial phase of the Three-Kingdom (80 cal BC–400 cal AD) showed much higher δ15Ncol (7.2‰) than a co-occurring wild boar (2.3‰) (Choy et al., 2021). The high δ15Ncol and low δ13Ccol (−19.4‰) of the domesticated pigs were explained by the fact that this livestock consumed mainly human leftovers and waste, which consumed C3 plants and terrestrial animals. In the Korean Peninsula, the interpretation that domesticated pigs were fed human food and waste and that δ15Ncol of them were elevated from the wild boars seems appropriate.

In contrast, in Japan, during the Yayoi period, when rice cultivation was introduced to the Japanese islands from the East Asian continent, many S. scrofa individuals had diets that differed from wild boar. In mainland Japan, pig management was not yet established in the Jomon period, a hunter-gatherer culture before the Yayoi period (Hongo and Anezaki, 2007). At the Karako-Kagi site in the Yayoi period, located in Nara Prefecture (Figure 2), the excavated S. scrofa bones cluster into two groups, with collagen δ15Ncol as high as that of humans and dogs (8.5–12.0‰) or as low as that of Sika deer (4.0–6.0‰) (Yoneda, 2015). This is evidence that the suids at this site contain both domesticated pigs and wild boars, and domesticated pigs were fed foods with animal proteins by humans and the dogs at the site, whereas, wild boars foraged plants in the natural environment. Although wild boars were still being hunted, the fact that domestic pigs were included in much of the S. scrofa consumed by Yayoi populations indicates that institutionalized pig management was practiced in the Yayoi period. A similar dichotomization of S. scrofa δ15Ncol values was also observed at the Ikego site in Kanagawa Prefecture during the same period (Yoneda, 2018). These suids were divided into high (6.5–9.0‰) and low (2.5–3.5‰) δ15Ncol groups. More individual domesticated pigs may have fed on animal protein (with high δ15Ncol values) than wild boars on a plant diet in the site. Even in the early agricultural societies on the Japanese islands, domesticated pigs seem to have eaten leftover human feces, which contained animal protein.




Isotopic compositions in pigs in the prehistoric Near East


Isotope analysis of collagen

It is assumed that the unique agricultural culture and domestication of pigs emerged in the Near East and independently in East Asia (Price, 2021). Wheat, barley, legumes, and nuts were the dominant cultivated C3 plants in the Neolithic Near East, and Neolithic populations were thought to eat few C4 plants (Martin et al., 2021). Therefore, δ13Ccol is not a valid indicator of domesticated pigs that ate human leftovers or feces in the Near East. By contrast, humans and dogs in the Neolithic Near East consumed significant animal-based resources and had higher δ15Ncol than herbivores. Therefore, if domesticated pigs were fed leftovers and feces, individual S. scrofa in the Near East should have higher δ15Ncol, like in East Asia.

The Çayönü Tepesi site in southeastern Turkey is a Neolithic settlement that was occupied for about 3000 years from 9500 cal BC (Figure 3). The site covered the period from the start of the domestication of sheep, goats, cattle, and pigs in the Near East, and the processes can be traced to their completion. During this period, the excavated animal assemblages converged upon these four livestock species only, and the changes in their body sizes, proportions, and age profiles can be observed, indicating the domestication of pigs (Ervynck et al., 2001).
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FIGURE 3
Location of the sites of the Near East discussed in the paper.


However, a stable isotope analysis of bone collagen showed that throughout this period, S. scrofa had lower δ15Ncol values than herbivorous animals, such as sheep, cattle, and gazelles, and the values did not change even when domesticated pigs were thought to have become established (Pearson et al., 2013; Table 2). Therefore, S. scrofa at Çayönü Tepesi in Turkey appears to have had limited opportunity to consume human leftovers or feces containing animal proteins. This trend is not unique to the Çayönü site because, at Neolithic sites in the Near East, the δ15Ncol values of animal bones indicate that the δ15Ncol values of S. scrofa, whether wild or domesticated, were the same or relatively lower than those of sheep and goats (which were sometimes indistinguishable) (Lösch et al., 2006). At Neolithic sites in Turkey, most S. scrofa individuals were fed primarily on C3 plants, in contrast to prehistoric East Asia, where domesticated pigs received significant amounts of animal protein.


TABLE 2    Carbon and nitrogen isotopic compositions of bone collagen for Sus scrofa, Caprine, and humans at prehistoric sites in the Near East.
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Even when wild hunting animals had become a neglected method of food acquisition in the Near East, there is little evidence that pigs were fed animal protein. Moreover, this trend continued into the Chalcolithic period and Bronze age (ca. 2200 cal BC) (Pickard et al., 2016; Styring et al., 2017; Irvine and Erdal, 2020; Table 3). These findings are similar to those at Bronze Age sites in the Balkans, where agriculture spread from the Near East (Vaughan et al., 2013).


TABLE 3    Differences in the nitrogen isotopic compositions of bone collagen (Δ15Ncol) between Sus scrofa and Cervid and between Sus scrofa and humans at prehistoric sites in China and Korea.
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However, in the prehistoric Near East, the δ15N of charred grains of cultivated crops shifted over time (Araus et al., 2014), and pigs fed on agricultural by-products and human leftovers may have been affected by this. However, the grazing grasses consumed by herds of sheep and goats were most likely not affected by this effect. Therefore, there remains uncertainty in the calculation of animal-protein intake of S. scrofa based on the relative relationship between the δ15Ncol of herbivores such as sheep and goats and that of S. scrofa. For this reason, it is more efficient to have a way that can accurately calculate the animal-protein intake of pigs by canceling δ15N variation in the plants.



Compound-specific nitrogen isotope analysis of individual amino acids

The δ15Ncol for omnivores is ambiguous when their animal-based food intake is estimated quantitatively because δ15N varies across primary producers, which are the baseline members of the food web. A compound-specific nitrogen isotope analysis of individual amino acids is required to quantitatively estimate the consumption of animal-based foods by pigs. When the TP is estimated with a compound-specific nitrogen isotope analysis of individual amino acids, a TPter of two indicates a theoretical terrestrial herbivorous diet, whereas, a TPter approaching three indicates a diet that is more purely carnivorous.

Sus scrofa from Hasankeyf Höyük and Asıklı Höyük in Turkey in the Pre-Pottery Neolithic period are considered wild boars. The estimated TPter of the wild boars at these sites is 2.1 ± 0.1 and 2.1 ± 0.1, respectively, which is very slightly higher than the TPter of sheep and goats at the same sites (2.0 ± 0.0 and 2.0 ± 0.1, respectively) (Itahashi et al., 2017, 2021; Table 5 and Figure 4). Therefore, the diets of wild boars in the Neolithic period appear to have been highly dependent on plants, as previously assumed (Ballari and Barrios-García, 2014).
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FIGURE 4
Comparisons of the δ15NPhe and Δ15NGlu–Phe of the human, Caprine, and Sus scrofa remains at Hasankeyf Höyük (HK), Asıklı Höyük (AH), Hakemi Use (HU), Tell el-Kerkh (TK), and Gurgy (G). Due to the large number of individuals for humans from each site, the values are summarized by mean and one standard deviation in each site. Solid lines represent expected Δ15NGlu–Phe values for either TPter (trophic positions calculated from δ15NGlu and δ15NPhe with the equation for terrestrial ecosystem) = 2 (terrestrial herbivore), and the dashed lines represent the expected Δ15NGlu–Phe values for either TPter = 3 (terrestrial herbivore).


However, the number of archeological sites at which the compound-specific nitrogen isotope compositions of S. scrofa (assumed to have been domesticated pigs) have been reported is limited throughout the Near East and Europe combined (Itahashi et al., 2018, 2019; Rey et al., 2022). The TPter for domesticated pigs in the Pottery Neolithic sites, Hakemi Use in Turkey and Tell el-Kerkh in Syria, were 2.2 ± 0.2 and 2.2 ± 0.1, respectively (Itahashi et al., 2018, 2019), with a slightly more significant component of animal-based food than for wild boars, but still strongly dependent on plants (Figure 4). The TPter of domesticated pigs at Gurgy, a Bronze Age site in Germany, was also 2.1, indicating a herbivorous diet like that of wild boars (Rey et al., 2022). Given that the humans at these sites had an intake of animal-based food that was intermediate between that of carnivores and herbivores (TPter = 2.5–2.8; Figure 4), it is assumed that these domesticated pigs consumed almost no leftover food or human feces.

In the Near East and Europe, which were influenced by the Near Eastern agriculture in the prehistoric periods, pig management appears to have differed from the pig management in East Asia, which is interpreted as following the commensal pathway model. Therefore, pig management strategies like the Near East, in which pigs were fed only plant material rather than animal-based food resources, such as human leftovers or feces, must be considered.





Discussion

To evaluate the carnivorousness of S. scrofa, the differences in the nitrogen isotopic compositions of the bone collagen (Δ15Ncol) of S. scrofa and Cervid and S. scrofa and humans in prehistoric China were determined (Table 3). S. scrofa found at the Dingsishan site and Dadiwan site in the Laoguantai period, considered wild, had a negative Δ15Ncol relative to Cervid. Although in Xinglonggou, it is interpreted that pig domestication had begun in the Early Neolithic period, the Δ15Ncol of pigs relative to Cervid in the Early Neolithic period show negative values. This result indicated that Neolithic pig domestication of the site was slow and had still been in the low stage (Liu et al., 2012). By contrast, at many prehistoric sites in China, S. scrofa is considered domesticated and showed higher δ15Ncol than Cervid and, therefore, positive Δ15Ncol relative to Cervid. However, S. scrofa at Hojiazhai had a smaller Δ15Ncol relative to Cervid than at other sites, which may be attributable to numerous wild boars within the suid population. The Δ15Ncol for the pigs considered domesticated relative to humans was around −1.5‰, indicating that the swine at these sites had a somewhat less carnivorous diet than humans. The animal protein obtained from human leftovers and human feces was probably less abundant than the proportion of meat consumed by humans themselves. Although there are limited reported cases of the pig individual reliably considered domesticated on the Korean Peninsula, as is the case in China, the Δ15Ncol relative to Cervid of the domesticated pig is a positive value, different from that of wild boars.

Therefore, according to the stable isotope analysis of animal bones, the diets of domesticated pigs in prehistoric East Asia, where agricultural culture spread from China, shifted to include animal protein (Table 3). Furthermore, domesticated pigs in the areas of millet cultivation in northern China showed high δ13Ccol, indicating that these pigs consumed a significant amount of C4 plants (Table 1). However, it seems likely that the pigs not only consumed millet directly but also received indirect contributions from C4 plants through human leftovers and feces (Liu and Jones, 2016). These results are consistent with the commensal model of domestication, in which S. scrofa approached human living areas in a commensal manner in search of human leftovers and waste products. The notion that the commensal pathway by which humans began to keep pigs intentionally (Zeder, 2012a,b), after wild boars had approached a settlement, by attracting them with leftover foods and feces is consistent with traditional pig management, especially in East Asia.

Furthermore, the distinctive dietary feature of Chinese or East Asian pigs would be caused by the intensive management enclosed in small pens on a household scale. In small-scale, exclusive pig management by household, feeding domestic wastes such as human leftovers and feces would have been more suitable than pasturing pigs to feed on wild resources outside the settlement. At Jiangzhai in the Early Yangshao period (5000–4000 cal BC), animal pens were excavated adjacent to houses (Peterson and Shelach, 2012). Although these animal pens were not connected to the toilet structure as in the historical period (Nemeth, 1998; Liu and Jones, 2016), these were located within the housing clusters consisting of several buildings, suggesting exclusivity of use by a particular household (Peterson and Shelach, 2012). In Neolithic China, it is suggested in also another site that households were relatively independent production of food resources such as animals and plants and consumption units with limited sharing among households (Shelach, 2006). Extensive management of large numbers of the swine together, as in the case of ruminant management, was not popular in East Asia, and pigs seem not to have been pastured in forests or fields.

The Δ15Ncol values for S. scrofa and Caprine (sheep or goats) and S. scrofa and humans in the Near East were also determined (Table 4). Although the Δ15Ncol of S. scrofa relative to sheep and goats was + 1.8‰ at Tell el-Kerkh in the Pottery Neolithic period, many sites had values close to 0 or negative. The Δ15Ncol of S. scrofa relative to humans (Table 4) were more negative than those values in China (Table 3). Domesticated pigs in the Near East showed smaller Δ15Ncol values relative to herbivores than those in East Asia. The lower δ15Ncol value for domesticated pigs than for ruminant livestock in the Near East reflects their consumption of legumes, which have a lower δ15N value than that of common C3 plants (Lösch et al., 2006).


TABLE 4    Differences in the nitrogen isotopic compositions of bone collagen (Δ15Ncol) between Sus scrofa and Caprine and between Sus scrofa and humans at prehistoric sites in the Near East.
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TABLE 5    Nitrogen isotopic compositions of amino acids of Sus scrofa, Caprine, and humans at prehistoric sites in the Near East and Germany.
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According to the TP estimated using compound-specific nitrogen isotope analysis, the contribution of animal protein to the diets of domesticated pigs in the Neolithic Near East and Germany was about 10–20% and differed negligibly from the values for wild boar in the early Pre-Pottery Neolithic period (Table 5). If the populations in the Neolithic Near East also herded pigs outside their settlements and sometimes fed them supplementary by-products of cultivation, it would explain the herbivorous domesticated pigs identified using isotope analysis of archeological bones. In the prehistoric Near East, and perhaps in Europe, domesticated pigs were not fed leftover foods or human feces, but they appear to have been fed plant foods, as is the case in modern Greece. Before 3000 BC, there were extensive forests in the Near East, but these forests have been reduced in later periods due to climate change and human deforestation (Roberts et al., 2011). In the Near East before 3000 BC, as in Europe, the extensive husbandry of pigs by the extensive forests would have been more efficient than the intensive husbandry by pig pens (Redding, 2015; Price, 2021).

The traditionally extensively managed herding of pigs in Greece (Halstead and Isaakidou, 2011) seems to have been a re-application of sheep and cattle herding practices. In the Neolithic Near East, it is believed that sheep and goats were domesticated at the same time as or earlier than pigs (Zeder, 2008; Arbuckle and Hammer, 2019). Therefore, the prehistoric Near East populations who owned domesticated pigs would also have known how to herd and pasture these herd ruminant livestock (Arbuckle and Hammer, 2019; Arbuckle and Kassebaum, 2021) as the Greek pig herders. For example, at Çayönü Tepesi, known for pig husbandry during the Early and Middle Neolithic periods (Hongo et al., 2004), there is evidence of prior progress in domestication of cattle and other ungulates (Hongo et al., 2009). Furthermore, at Aşıklı Höyük, during the Middle Neolithic period, the areal extent of dung deposits was found in the site mound (Mentzer, 2018; Abell et al., 2019), indicating that sheep were managed in large corrals (Stiner et al., 2018). Therefore, it is highly likely that extensive sheep herding was operated at this site (Stiner et al., 2014, 2021; Buitenhuis et al., 2018). By the Middle Neolithic period, a full-blown herding system had emerged in Turkey and the Near East, where herds of sheep and cattle were allowed to graze and return to the pens or corrals at night (Portillo et al., 2020; Arbuckle and Kassebaum, 2021). It is possible that these familiarities with herding and pasturing led Neolithic populations in the Near East to treat pigs similarly. Similar to herd ruminants, the early pig domestication in the Near East might have been closer to the prey pathway in the animal domestication model (Zeder, 2012b).

Another characteristic of Near Eastern pig management may be that human feces were not used as a feed source. In modern Greek practices (Halstead and Isaakidou, 2011), there is no mention of human feces as a feed source, even though leftovers and dairy by-products were fed to household pigs. Neolithic domesticated pigs also do not seem to have consumed human feces significantly, as indicated by their isotope compositions. This may be because Near Eastern cultures and those that influenced them, such as European cultures, avoided eating the meat of animals fed on human feces (Haudricourt, 1977).

Even in the Near East and Europe, the δ15Ncol of pigs increased during the period of urbanization (Richards et al., 2002), and it is said that pigs were used to dispose of the leftover food and garbage generated in cities (Price et al., 2017; Price, 2021). The reason for this change might be the decrease of the forests in the Near East, where the extensive husbandry of pigs had been conducted (Redding, 2015). Further isotopic research at urban sites in later periods is required to clarify the period and reason in which domesticated pigs consumed herbivorous diets changed to omnivorous diets in the prehistoric Near East.



Conclusion

Isotope analysis of animal bones found at archeological sites is considered effective in clarifying the early stages of pig domestication. A growing number of findings suggest that the nitrogen isotope values of early domesticated pigs differed in East Asia and the Near East as indicators of their animal-based food intake. However, traditional pig management in East Asia continues to be discussed separately from the Near East and Europe. Further research is required to compare the pig management strategies used in different agricultural cultures against other backgrounds in East Asia and the Near East. Compound-specific nitrogen isotope analysis of amino acids will provide more-precise quantitative data on the animal-based food intake of pigs in these societies and new information on the issue of early pig management.
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Recent ethnographic data can assist with the examination of Bronze Age pastoralist herding patterns, however, there are still missing links between the archeological record and available ethnographic data from the Southeastern Ural Mountains regions. One way to explore the answer to this question is to use archaeobotanical data to understand the herding pattern in prehistory, which in many ways act as a bridge between pastoralist subsistence economy and plant exploitation strategy in the microenvironment. Compared with previous research, this ethnographic study was undertaken through field research based on the analysis results of the archaeobotanical record recovered from the Bronze Age Stepnoye settlement. The archaeobotanical sampling associated with the excavation of the Stepnoye settlement indicated a significant pattern of local wild resource exploitation for humans and livestock. Therefore, regional ethnographic study and pasture mapping in local catchment zone provide essential comparative data to interpret the herding-related plant remains and further discussion of herding patterns among Bronze Age pastoralist communities in this area.
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Introduction

Numerous scholars have emphasized the importance of pastoralism and its relationship to early social, political, and economic processes among late prehistoric Eurasian steppe communities (Khazanov, 1994; Renfrew, 2002; Anthony, 2007; Kohl, 2007; Frachetti, 2008, 2012; Kuzmina, 2008). Conventional views of social complexity in these societies have focused on the importance of transitions toward agro-pastoralism and more structured interactions with sedentary agriculturalist societies (Salzman, 1980, 2004; Chang and Koster, 1994; Khazanov, 1994; Renfrew, 2002; Kuzmina, 2008). In contrast, recent Eurasian steppe studies suggested that the development of pastoralist communities may not relate to agricultural practices and production (Anthony and Vinogradov, 1995; Privat et al., 2005; Popova, 2006; Houle, 2010; Hanks and Johnson, 2012; Krause and Koryakova, 2013; Clark, 2014; Stobbe et al., 2016). For example, recent paleoenvironmental research at the Bronze Age settlement of Kamennyi Ambar in the Southeastern Urals has shown a distinct lack of evidence for cereal agriculture and highlighted the more intensive use of wild plant resources (Krause and Koryakova, 2013). Recent isotopic studies of human and animal remains also suggested a broader spectrum subsistence diet involving domesticated animals, wild flora, wild fauna, and fish species (Hanks et al., 2018; Ventresca Miller et al., 2018). Indeed, in the subsistence economy of pastoralist societies, wild plant resources are a crucial factor for human and livestock consumption, and their availability within the environment is of central concern (Murdock, 1967; Binford, 1980, 2001; Lee and Daly, 1999).

As in other regions of the Eurasian Steppe (Popova, 2006; Frachetti, 2008; Clark, 2014; Spengler, 2014), Bronze Age pastoralist communities in the Southeastern Urals region chose specific ecological niches to their advantage; however, archeological evidence indicates that there are distinct settlement patterns connected with more sedentary pastoralist communities (Hanks and Doonan, 2009; Krause and Koryakova, 2013). For example, the Sintashta-Petrovka period (2,040–1,680 cal. BC) represents a perceived abrupt transition from the Early Bronze Age in this region. These settlements are all located close to water resources on the tributaries of the Tobol and Ural rivers, and range in size from 0.5 to 3.5 hectares (enclosed site area), demonstrating likely occupation phases of approximately 250 years (Epimakhov and Krause, 2013). The distance between each settlement ranges from 8 to 70 km. The traditional view suggested these sedentary pastoralism has been more widely linked to exponential herd growth and related impact on local resources through overgrazing (Kuzmina, 2008). Such processes may lead to a progressive and permanent loss of productive grazing.

The relationship between increasing livestock productivity and decreasing risk associated with resource sustainability is a continuous process for pastoralist communities, achieved only through control of land for grazing, regulating the composition and size of herds, and the establishment of seasonal herding strategies, including foddering (Salzman, 1980; Cribb, 1991; Khazanov, 1994; Galaty, 2013). A key answer within these subsistence systems is how to optimize the location of resources, maximize the use of these resources for livestock, and mitigate the risk of using these resources (Salzman, 2004).

One way to explore the answer to this question is to use archaeobotanical data to understand the herding pattern in prehistory, which in many ways act as a bridge between pastoralist subsistence economy and plant exploitation strategy in the microenvironment. Recent archaeobotanical studies among Bronze Age steppe communities suggest a year-round grazing pattern surrounding the settlement within the local catchment zone in the Southeastern Ural Mountains (Rühl et al., 2015; Stobbe et al., 2016; Chechushlov, 2018; Ng, 2018; Petrov et al., 2018; Polina et al., 2021). Continued research on the vegetation surrounding the settlements may help build a better understanding of seasonal herding strategies. The nature of the pastoral economy, especially pasture resource exploitation during the Bronze Age, is still debatable following these studies and must be complemented through more detailed investigations.

Within the scope of the Sintashta Collaborative Archaeology Research Project (SCARP), multidisciplinary research has been carried out in the study area since 2007 (Hanks and Johnson, 2012) (Figure 1). This research built directly from three funded projects (SCARP, Sintashta Collaborative Archaeology Project), by the National Science Foundation (DDRIG #1659946; BCS #0726279; BCS #1024674 AHRC-NSF-MOU) in the Ui River valley. The project pursued a “community” based approach to the study of metal production and subsistence economy (Hanks and Doonan, 2009; Doonan et al., 2014) and considered the community as a mid-level unit of analysis that extends beyond traditional perceptions of settlement sites as an aggregation of households and as the primary loci for social organization and activity (Kolb and Snead, 1997). The multiscalar research framework pursued through the project focused on the production and subsistence economy and how they intersect with the local landscape and environmental resources.
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FIGURE 1
Map of enclosed Bronze Age settlements and Study area in the Southeastern Urals [modified from Doonan et al. (2014, p. 761)].


In 2009, SCARP started sampling flotation soil removed during stratigraphic excavation to investigate plant resource exploitation as part of the Bronze Age subsistence economy and to examine possible seasonal use patterns associated with plant resources and related activities at the Stepnoye settlement. The goal of the excavation was to further excavate and study the Sintashta -Petrovka period ‘house’ structure identified in 2008 and investigate anthropogenic activities outside the enclosed area of the settlement (Hanks and Johnson, 2012).

Based on the data from remote sensing, excavation, test pitting, and materials analysis, the excavation area in the Stepnoye settlement was constructed and functioned during the MBA Sintashta-Petrovka period. There is an extraordinarily large number of charred Fabaceae seeds from the Stepnoye excavation (Table 1). Several species from the Fabaceae family have been identified. Because of the poor preservation condition and morphological similarity, Medicago, Melilotus, and Trifolium genus were grouped in this project. The total number of identified Medicago/Melilotus/Trifolium spp. is 803, around 62% of the Fabaceae. According to the morphology, these species may be included Medicago falcata, Medicago lupulina, Medicago sativa, Melilotus wolgicus Poir., Trifolium arvense, Trifolium montanum, and Trifolium repens. The number of Vicia spp. is 384 around 31% of the Fabaceae. Most of the Vicia spp. identified in the Stepnoye settlement samples are probably Vicia cracca. Most of unidentified fragments appear to have some characteristics of the Fabaceae family (Medicago and Vicia spp.), but the characterized part for identification is missing among these seed fragments. Thus we just group it as unidentified. Fabaceae are valuable fodder plants that are utilized in the region now for livestock. The species mentioned above are typical plants representing the meadow zone environment along the Uy River valley where the Stepnoye settlement is located. The seeding season of these species is overlaid with the haymaking season in Southeastern Urals regions. Thus, the use and storage of green fodder or hay in the enclosed area may be related to the accumulation of Fabaceae and other meadow plants in the archaeobotanical samples. Fabaceae’s total numbers and percentages are dominant among seed assemblage in archaeobotanical samples.


TABLE 1    The result of identifiable species in the botanical samples from stepnoye excavation 2008–2009.
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The significant finding of archaeobotanical research in Stepnoye are (Ng, 2018):


(1)No domesticated seeds were recovered.

(2)Fabaceae family (Vicia spp., Medicago spp.) is the majority of archaeobotanical samples.



The archaeobotanical sampling associated with the excavation of the Stepnoye settlement indicated a significant pattern of local wild resource exploitation for humans and livestock. At the same time, the recovered macrobotanical remains from the Bronze Age Stepnoye settlement could be related to the identifiable contemporary flora within the Stepnoye catchment zones pasture. This result is similar to the Karagaily-Ayat valley in the same region, the combined analysis of plant macro-remains and pollen results show that the living environment of the Bronze Age vegetation was comparable with the current situation (Krause and Koryakova, 2013; Stobbe et al., 2015, 2016). Therefore, it suggested that catchment zone analysis and associated pasture mapping helped identify the Bronze Age plant resource exploitation strategy related to herding patterns (Ng, 2018).

The result of zooarchaeological analysis from the other two Sintashta-Petrovka sites (Ustye and Kamennyi Ambar) in the Southern Ural Mountains region suggests that cattle were dominated, sheep/goats were predominant, and horses were bred in small numbers (Table 2). Today, a group of livestock herd from the Stepnoye village is around 100 cattle, 10–20 horses, and the rest are sheep, resulting in a mixed herd of approximately 180 animals. The cattle were dominated in the herding composition of the Bronze Age and the current situation, which partly suggests ethnographic study can be collected as comparative data.


TABLE 2    The proportion of identifiable livestock bones within the faunal assemblage (Sintashta-Petrovka period) from Ustye (1984–1991) and Kamennyi Ambar excavation.
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From the regional archaeobotanical and zooarchaeological results, we can see some characteristics related to recent vegetation zone and herding activity:


(1)Most of the plant species in the archaeobotanical samples are related to identifiable contemporary flora surrounding the Bronze Age Stepnoye settlements.

(2)Plant resources from the meadow zone are essential in recent herding activities. These species also dominated in the archaeobotanical samples. They can use/stored as fresh fodder and hay in the enclosed settlement.

(3)Cattle is dominated in the faunal remains. It is also the primary livestock in the recent herd in this region.



These characteristics suggest that recent ethnographic data can partly assist with the examination of Bronze Age pastoralist herding patterns. However, there are still missing links between the archeological record and available ethnographic data from the South Urals regions. In discussions on pastoralist subsistence economies, regional differentiation stands out within ethnographic data (Joseph and Mikhalev, 2005). For example, the hay yields can vary from 1,000 to 5,000 kg/ha from meadow zones due to the different plant species assemblage. And the differentiation can exist in a small area. In addition, environmental constrictions such as elevation boundaries, annual precipitation patterns, and vegetation unit distribution can affect pastoralist communities differently.

In comparison with previous research, ethnographic studies undertaken through the field research were primarily based on the analysis results of the archaeobotanical record recovered from the Bronze Age settlements within the local region. Thus, observations of foddering practices and livestock herding patterns in the local area provide an important form of actualistic study to examine and understand essential relationships between local wild flora resources (especially plant resources from meadow zones) and livestock herding patterns. Therefore, regional ethnographic study and pasture mapping (focus on meadow zones) in local catchment zone provide essential comparative data to interpret the herding-related plant remains and further discussion of herding patterns among Bronze Age pastoralist communities in this area.



Study area

The Southern Ural Mountains region is located in the north temperate zone between approximately 50 and 55° north latitude. It lies perpendicular to the direction of the predominantly westerly winds and the western slopes are more humid than the eastern slopes. The difference in precipitation is approximately 100–150 mm annually. The climate is moderately continental, with long cold and snowy winters, warm summers, and clear transitional periods in the spring and autumn. The precipitation in the peneplain areas reaches 400–500 mm during warm seasons and about 500–600 mm during the entire year (Koryakova and Epimakhov, 2007). The annual average for snowfall is 24–30 cm, and it usually snows for 153–155 days per year (Levit and Mironycheva-Tokareva, 2005). The whole region is made up of forests, forest steppes, and dry steppes. In the north part, there are many sizeable developed river networks. These river valleys provided rich biological resources and vegetation in the summer for late prehistoric human and animal populations. The Ural and the Tobol are the two major rivers in the southern Trans-Urals that form the watershed and landscapes. The interfluve is shaped by the beds of smaller tributaries that flow either west toward the Ural or east toward the Tobol. The largest water source is annual precipitation, which provides 80–90% of the rivers’ volume (Levit and Mironycheva-Tokareva, 2005). For this reason, water flows at low speed (0.1 m per second and up to 2 m per second in rapids) during the dry summer months, but in the flood period, the volume increases sharply, and the level rises 1–2 m (Levit and Mironycheva-Tokareva, 2005).

The climate pattern in the region essentially conditioned the type of pastoralist herding patterns that developed here. In summer, the size of the meadow zone is maximized because of the sufficient water supply. Thus, outdoor herding activities and haymaking processes are usually scheduled from May to August in the summer. However, since the water sources of the rivers depend largely on annual precipitation, the size of the different vegetation zones (especially the meadow zone) varies substantially from year to year.

Uy River Valley has situated in the steppe zone of the Southeast Urals region. Since the Soviet period, agriculture and herding have been major economic activities in this valley. The scale of herding activities was more extensive in the Soviet period, but it declined since the local village’s population decreased. The surrounding village areas along the river were used as agricultural fields in the Soviet period, but many fields have been abandoned in the last 20–30 years. These areas are used today as rangeland or haymaking zone for herding activities. Agricultural fields are usually farther away from the village and higher elevations to prevent flooding. Based on the observation from 2009 to 2018, the contemporary vegetation zones around stepnoye village are relatively stable. Some artificial lakes are formed in Uy River Valley by blocking dams on streams. These lakes are seasonal and usually small (around 1 ha).

The Stepnoye settlement is situated along the Northern bank of the Uy River. This settlement is associated with one of the region’s most significant Bronze Age cemetery complexes (Stepnoye I; Stepnoye VII) and includes at least 45 kurgans (barrows) dating from the Middle to Late Bronze Age. Moreover, another Sintashta-Petrovka settlement (Chernorech’ye), and associated cemetery (Kryve Ozero), are located 20 km downstream and to the southeast of Stepnoye (Figure 2). The Stepnoye settlement is enclosed by a rectangular ditch and bank complex, with 43 internal linear depressions ranging from 6 m × 2 m to 10 m × 15 m (Figure 3). These have been interpreted through aerial photo analysis as individual domestic house units (Zdanovich and Batanina, 2007). The analysis of the archaeobotanical samples from the Stepnoye settlement, combined with the catchment zone analysis, provides substantial empirical evidence for understanding usage patterns for all the local ecological zones within the catchment. The meadow zone provided crucial resources for the ancient pastoralist communities as it does today for local livestock herding, grazing, and foddering (Table 3). This zone provides the most valuable pasture area within the catchment and is also very useful in terms of plant resources that human populations may have utilized (Ng, 2018). The forest zone was an essential resource for fuel and building materials collection. The forest and meadow zones were also essential for other plant resource exploitation. Besides these two vital zones, the Bronze Age communities selectively used some plant resources in different ecological zones. These resources’ choices and usage rates probably relied heavily on the local microenvironmental settings (Rühl et al., 2015; Stobbe et al., 2016; Ng, 2018).
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FIGURE 2
Map of Uy River valley showing key Bronze Age sites [modified from Doonan et al. (2013)].
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FIGURE 3
Images of the Stepnoye settlement: lower–topographic plan showing excavation units (after Hanks and Johnson, 2012).



TABLE 3    potential forage plants in meadow zones are represented in the archaeobotanical samples with the indication of value.
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Materials and methods


Ethnographic study

The ethnographic study included observing daily herding activities and interviews with the local herders. As a reliable regional dataset, ethnographic data was collected in Uy River Valley over several seasons. It helps understand the seasonal environmental change, distribution, and variability of essential plant resources. Also, these interviews provided important information on the personal decisions and annual schedules of local herders in the region. At the same time, we observed the local herding patterns and recorded the herd sizes and compositions in different seasons. From these observations, we could identify several specific variables that constrained herding practices, and by observing the local herders’ daily strategies, we could identify their solutions to these challenges.

Compared with the Bronze Age microenvironment, intensified agriculture partly changed the landscape since the Soviet period in the Uy River Valley. However, recent agricultural field locations (usually in higher elevations not close to rivers) and increased abandoned fields due to the local village’s decreased population, the survey area’s landscape, vegetation zone (especially the meadow zone), and plant communities have been relatively stable these years. Only one small artificial lake (around 1 ha) was formed by blocking the stream in the survey area. An artificial lake can extend the surrounding meadow zones, increase the pasture capacity and change the herding route. In this study, Compared with the size of the survey area (5 km radius), the effect of the lake was probably minor.



Pasture mapping

The archaeobotanical samples collected from the ancient Stepnoye settlement suggest the intensive exploitation of plant resources in the meadow zone instead of other ecological zones. Therefore, the pasture mapping focus on the meadow zone within the Uy River valley. The growth of the meadow zone heavily relies on water resources and precipitation in the rainy season. The rainy season in July and August is essential to open rangeland herding season and haymaking process. In this area, the number of livestock is usually the highest during the open rangeland herding season. And the haymaking process will also focus on these 2 months and end before September. Thus, this study focuses on these 2 months to estimate the potential pasture for herding activities in the survey area.

First, We use the Normalized Difference Vegetation Index (NDVI) to estimate the pasture capacity in the survey area. NDVI is a method for vegetation monitoring since Rouse developed it in 1972 (Rouse, 1972). This method depends on the difference between the healthy green vegetation and other land surface reflectance (including unhealthy/dry vegetation) in red and infrared wavelengths (Rhew et al., 2011). The underlying principle of the NDVI is that healthy green vegetation reflects more infrared radiation and absorbs more energy in the red wavelength when compared with damaged vegetation surfaces (Rhew et al., 2011). Therefore, the NDVI value is defined by the ratio of:
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NIR is the near-infrared wavelength reflectance, and RED is the reflectance in the red wavelength. The resulting values range from −1 to 1, where −1 indicates no vegetation presence, and 1 shows dense levels of healthy vegetation (Rhew et al., 2011). NDVI values are used in other archeological projects to identify seasonally grazing ground (Caspari et al., 2017; Jia et al., 2020). In this study, we use it to estimate the potential pasture capacity during the survey period in 2017.

Then, we pursued a pedestrian survey along the edge of the meadow zone and collected GPS points. After that, we digitized the general distribution of the meadow zones and estimated the potential grazing capacity within these areas as defined by a catchment zone of a 5 km radius. The pedestrian survey was conducted during the summer of 2017. The summer season provides the highest grazing capacity within the catchment zone. In total, we collected 120 GPS points during the pedestrian survey. After analyzing the GPS points, it was possible to more accurately sketch the extent of the meadow zone within the Uy River valley.




Results


Ethnographic study

The ethnographic study focused on the Modern Stepnoye village, located along the Uy River valley and 2.5 km east of the Bronze Age Stepnoye settlement. Generally, the time of the indoor corral season (November–April) and open rangeland herding season (May–October) varies due to annual snowfall. The major differences are the sources of fodder and the location of herding and grazing activities. During the indoor corral season, livestock is fed with harvested wild grass hay (fodder). During the rangeland herding season, livestock will graze within the open rangeland areas during the day and then be returned to the villages for the night. They are either kept in indoor or outdoor corrals and fed with collected fresh fodder at night. The general annual herding pattern of the Southeastern Urals region is presented in Figure 4.
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FIGURE 4
The general annual herding pattern in the Southeastern Urals region.


There were two herding camps used during 2017. The location of the herding camps is shown in Figure 5. The herding camps typically have a small shelter that may be used as a convenient place for the herders to rest, eat, and take shelter during rain storms and the daily activity of managing the cattle herds. However, these sites are not used every day. The actual open rangeland is the surrounding areas around the camps.
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FIGURE 5
Location and photos of the herding camps near the modern Stepnoye village.


Herding camp 1 is situated 2.5 km northwest of the modern Stepnoye village (Figure 5). This location is adjacent to an artificial pond with a large surrounding area with meadow zones for grazing. This location is elevated above the river’s riparian zone and allows the herder to monitor the livestock easily. Usually, the herding season begins in the spring and lasts until the first snows in late fall.

Herding camp 2 is 2.08 km away from the eastern edge of the Stepnoye village (Figure 5). This camp is situated in a large meadow zone along the Uy River, and there is a river ford nearby allows for the movement of livestock from one side of the river to the other. The daily herding schedule for this camp is similar to Camp 1. The herd size is around 160, with around 150 cattle and the rest horses. During heavy rain, livestock will shelter in the tall vegetation within the riparian zone located near the camp. The camp is situated very close to a modern road, but the herder never crosses this road to graze the animals there.

The livestock herd in both camps is an aggregate of animals owned by different families in the village. These families hire a full-time herder to manage the livestock. The herder starts work at 7 am, and after picking up the livestock from different families, he moves them out of the village around 8 am. The actual time varies somewhat due to weather conditions. The daily herding activity can last for around 10 h, and after 6 pm, the herder moves the livestock back to the village. By 8 pm, the owners had collected most of the livestock.

There are occasions with the herder that may change the specific camp, and associated grazing zone, that he uses. The decision typically depends on the grazing rate in the surrounding area and the route he uses to move the livestock. In addition to the rangeland surrounding the herding camps, the herders push the livestock through the meadow zones adjacent to the main river course. The meadow zones on the opposite side of the river can be accessed by the shoals (fords) to cross the river, which is usually 500 m from the herding camps. On heavy rainy days, the herder will move the livestock to the forest or the riparian zone as shelter. These areas are usually closed to the livestock grazing area.

During the Soviet period, the number of livestock is much higher than today because of the higher population number in the local village and government policy. The herding pattern resembles a commercial livestock farm in some recent local villages. Usually, these companies will manage most of the livestock from several close by villages. Cattle are dominated in livestock composition by over 70%. The time of the indoor corral season (November–April) and open rangeland herding season (May–October) varies due to annual snowfall. The commercial farm will set more herding camps far away from each other. And during haymaking season, they need to input more labor force and machines for the vast amount of winter hay requirements. Nevertheless, the general principle is similar to regular herding activity:


(1)Herding camp is close to water resources and meadow zones.

(2)The herding route is along the water resource and covered meadow zones.

(3)Rangeland is separate from the haymaking area to ensure the collecting rate of fresh hay.

(4)The haymaking season is similar to the regular herding activity after the rainy season.



In Southeastern Ural, the number of cattle on some commercial farms can be up to 8,000. But it is risky to lose cattle in Winter because of a lack of hay.



Pasture mapping

We acquired 2 Sentinel-2 images on July 14 and August 06 during the survey period in 2017 (ESA, 2017). July and August are rainy seasons in this area. They are also crucial for herding activities and haymaking season. After ArcGIS software processing, we restored the potential fresh pasture (NDVI value 0.3–0.8) in a 5 km survey area (Figure 6). The estimated size of the potential pasture field from NDVI value in July and August is over 7,000 ha (Table 4). The distinction between meadow and other vegetation zones is difficult through NDVI value in the survey area. After we changed the NDVI value (0.3–0.5) representing the potential pasture field, the number of pastures field (over 3,500 ha) was still very high compared with the observation. Thus, we pursued a more detailed pedestrian survey to estimate the size of the meadow zone.
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FIGURE 6
NDVI of 5 km radius survey area from August 2017 Sentinel-2 image.



TABLE 4    The estimation of the potential rangeland in a 5 km radius survey area around the Bronze Age Stepnoye settlements in July and August 2017.
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The pedestrian survey was undertaken within a 10 km radius around the Bronze Age Stepnoye settlement. This work was carried out in July and August. The potential size of the meadow zones is enormous during these 2 months because of high precipitation. It is also essential for grazing and haymaking season in this region. Thus, we can observe how local herding patterns are related to the distribution of meadow zones. Four main types of meadow zones were identified (Figure 7):
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FIGURE 7
Satellite image and photos denoting phytogeographical survey zone, associated meadow zones, and location of the Stepnoye Bronze Age settlement.



(1)Year-long Meadow zones along the Uy and Kurasan rivers.

(2)Year-long Meadow zones along the seasonal streams.

(3)Year-long Meadow zones along the edge of the forest.

(4)Seasonal Meadow zones formed in the depression areas during the rainy season.



The meadow zone is typically a continuous belt zone adjacent to the main river, especially in lower elevation areas. In the survey area, most meadow zones are continuous large patches along the Uy River. The width of this zone varies from 300 to 550 m. It mainly depends on the river’s water supply (e.g., flooding, subsurface water and proximity to the water table, rainwater collection during heavy precipitation, etc.). By observation the most significant meadow patches usually form where the river is most comprehensive, and the overall landscape elevation is lower.

Besides the meadow zones along the river, there are also small meadow zones that form along the small streams that are tributaries to the main Uy River. These small streams are usually formed from springs with consistent flows seasonally. In Figure 8, it is possible to note that these streams usually flow from the forests (higher elevation upland zones) to the main Uy River. These bisect the steppe and meadow zones that run broadly parallel to the main river course. The width of the meadow zone along the streams flowing into the Uy River varies from 100 to 200 m. In the rainy season, meadows also form in some low elevation depressions within the steppe zone. These depressions hold moisture following rainy periods. Therefore, the area surrounding these depressions will slowly change to steppe vegetation when the water in the depressions evaporates. The vegetation size also increases in the center of the depressions until the moisture has evaporated. Therefore, the size of the meadow vegetation around these depressions is unstable, and because of this fluctuation, local herders do not consider them significant grazing resources. However, livestock lingers in these locations as they pass through them toward the more prosperous meadow zones.
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FIGURE 8
(Left) Image indicates the extended meadow zones along the main rivers in the 5 km radius survey area. (Right) Image indicates the extended meadow zones along the streams in the 5 km radius survey area.


During the survey, we also found meadow zone areas at the edge of the forests. Usually, the forest is located at some distance from the main river. For example, the Bronze Age Stepnoye settlement is today located approximately 5 km away from a forest zone. The growth of the meadow vegetation adjacent to the forest is also related to water supply (soil moisture) and local soils. The location of the forests is generally associated with higher elevation areas, which receive more snowfall during the Winter and early spring, and have sources of underground water (springs). In addition, the soil nutrients are usually higher in the forest zone because of the humus formation.

It is difficult for the meadow vegetation to grow in the forest zone because of competition with the abundant woody plant species. However, a narrow belt of meadow vegetation is typically formed on the edge of the forest and the steppe zone. Usually, the width of this meadow belt can expand up to 30 meters. Local herders usually gather and dry fodder from these locations. The drier and less productive steppe zone separates this belt from the summer herding zone along the main river and its tributaries. As a result, livestock does not disturb the vegetation in these areas, and the vegetation size is relatively stable even in years with low precipitation.

Meadow vegetation also forms on the slopes of the upper elevations hills away from the main river course. However, through our observations, we found that local herders never utilize these resources for two main reasons:


(1)These places are usually too far away from the herding camps and settlements,

(2)The landscape between these locations is typically covered by steppe grazes and contains no livestock water resources.



As a result, the cost-efficiency of herding in these locations is very low compared with the meadow zones next to the consistent sources of water along the main river, its tributaries, and the minor season streams that flow into it.

Many environmental factors separate the meadow zones, and rivers, streams, and other ecological zones contribute to these factors. Based on the survey results, elevation is a critical factor in determining the formation of meadow zones along the main river. Most of the GPS points taken during the survey indicated elevations between 255 and 270 m above sea level. However, the elevation difference in the same meadow zone was usually less than 10 m. It is, therefore, possible to see a clear elevation separation between the meadow and steppe zones. Sometimes the distance from the river is not the only factor influencing vegetation growth, as some river bank areas are much higher than the water surface. As a result, one can only find steppe vegetation growth in these locations.

During the survey, I noted that many meadow zones were distributed throughout the catchment zone. But some of these meadow zones were seasonal and only existed during the rainy season. Thus, there are two basic ways to exploit the meadow zones for pastoralism:


(1)Those locations representing year-long meadow zone growth within the catchment,

(2)Locations with lower elevations promote the formation of only temporary meadow zones within the catchment.



One of the present-day herding camps is situated approximately 1 km from the Bronze Age Stepnoye settlement. This camp is located next to an artificial pond created on a small stream that flows from the upland forest zone 5 km to the north. The distance to the main Uy River is around 1 km. This herding area offers year-long meadow vegetation associated with the pond, river, and stream. Also, there are many depression areas surrounding the herding camp that also offer seasonal meadow resources. Overall, the size of the combined meadow zones is relatively stable in this specific area. Undoubtedly, the Bronze Age vegetation is somewhat different from the modern vegetation because of the nature of human activities during the contemporary era. However, the survey results still provide essential information about the formation and distribution of meadow zones in the catchment zone. The logic of maximizing the exploitation of these naturally occurring meadow zones within the local landscape may have been similar during the Bronze Age.

As discussed above, the survey area covered a 10 km radius around the ancient Stepnoye settlement. From observing local herders, the actual herding distance is much less than 10 km. The limiting factors in selecting grazing areas is also related to the proximity of sufficient water resources and the time it takes to move a herd during a single day (Dahl and Hjort, 1976; Asanov et al., 1994; Coppolillo, 2000). Therefore, based on my observations of local herding within the catchment of the Stepnoye village today, the full radius was reduced to around 5 km. The catchment zone of the Stepnoye Bronze Age settlement is relatively flat. Thus, the variance between distances shown on the maps that have been produced and the actual walking distance and time of travel is slight. In the 5 km radius catchment zone around the ancient Stepnoye settlement, the critical meadow zones are along with the Uy and Kurasan River tributary, small streams flowing into the Uy River (as discussed above), and the edge of the forest zone to the north of the settlement. The small rainy season meadow zones related to the depressions in the landscape were recorded during the pedestrian survey. So estimations of the resource value of the small catchment are based on detailed data from the pedestrian survey.

The estimated size of the meadow zones along the river and streams is based on the width (minimum/maximum) of the meadow zone measured during the survey. The size of the potential depression is the area covered by associated elevations (255–275 m) minus the area of the year-round meadow zone. Because these meadow zones formed in depressions with only seasonal meadow-type growth during the rainy season, the estimation of the area size was calculated for 1 month only. The results of these estimations zone are shown in Figures 8, 9 and Table 5.
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FIGURE 9
(Left) Image showing the extended meadow zones along the forest in the 5 km radius survey area. (Right) Image showing the location of rivers, streams, forests, and the potential depression (seasonal) meadow zones within the 5 km radius survey area.



TABLE 5    The estimation of the Meadow zones in a 5 km radius survey area around the Bronze Age Stepnoye settlement in 2017.
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The estimated area of the year-long meadow zones in the catchment zone ranges from 1,314 (with a minimum buffer zone of rivers and streams) to 2,351 ha (with a maximum buffer zone of rivers and streams). This number is relatively high when compared with the estimation of other settlements in the Southeastern Urals region (Stobbe et al., 2016). However, the size of the meadows can have a high inter-annual fluctuation because of the variability and timing of precipitation.

This estimation is also combined with additional comparative data (Yanguzin, 2002; Frachetti, 2008; Stobbe et al., 2016). The estimate of grazing capacity, therefore, is based on the unit productivity of meadow zones [8 tons (1,000 kg)/ha fresh pasture] mentioned discussed by Stobbe et al. (2016). Assuming this is a year-round grazing pattern, the whole fresh pasture is estimated to be between 10,512 and 18,808 t.




Discussion


Herding pattern

The result of the ethnographic study suggests that some basic rules structured the herding activities around the Stepnoye village (Figure 10).
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FIGURE 10
Map showing the general herding pattern during 2017 survey period.


First, the livestock grazing areas typically avoid the zones where haymaking is carried out. As a result, daily grazing activities are closer to the main village, and the haymaking locations are usually further away from the herding camps and often separated by another ecological zone.

Second, the herding route is always along paths that are well supplied with water (main river or its tributaries). For example, from the Stepnoye village to Herding Camp 1, the shortest route is to cross the steppe zone. However, this route is never used. Instead, the herder will move the livestock along the river or stream toward the herding camp. It is the same for Herding Camp 2 in which the herding route also follows the river without any shortcut being taken.

Third, the highest priority for the rangeland is always the meadow zone. The herder may stop in the steppe zone during the spring and early summer. However, after the ripening of the Stipa sp. the herding route will avoid this zone.

Fourth, the distance between the herding camps and the Stepnoye village is less than 4 km. According to ethnographic studies in Africa, adult cattle’s mean daily herding distance can be up to 20 km (Fratkin et al., 1994; Homewood, 2009; Bollig et al., 2013). The daily herding distances at Stepnoye were much less and generally occurred within a 5 km radius of the village. The herding route ensured that the livestock was well watered and was not stressed by being pushed farther away. In addition, the rich meadow zones provided ample vegetation for grazing within the defined catchment.

Fifth, the choice of herding is strongly influenced by the surrounding vegetation, distance to easily accessible water resources, and elevation. One major limitation to the location of rangeland is the distance to water, which should not exceed 8 km for cattle or 4 km for sheep (Dahl and Hjort, 1976). Thus, both herding camps are located next to consistent water resources. In addition, the higher elevation of the camps provides better visibility for watching over the herds while they are grazing. As discussed above, the best ecological zones for grazing livestock are the meadows and the rangeland surrounding the two camps containing a significant proportion of meadow vegetation. And, also as noted above, they offer areas where fording the river is relatively easy.

The best choice of herding camp and its route can increase the livestock’s quality and rate of forage intake. Forage intake is crucial to determining successful herding activity. The herding camps associated with the Stepnoye village are in perfect locations within the catchment zone. The pattern of Bronze Age herding activities within a similar environmental setting may be relatively identical today. Thus, modern herding practices’ basic rules can aid in understanding Bronze Age herding patterns.




Pasture and carrying capacity

The ethnographic study also stimulated two essential questions:


(1)How vital was the meadow zone in the Bronze Age herding pattern?

(2)Did the utilization of other ecological zones result from inadequate resources, or does this reflect a simple matter of choice and preference to supplement the herding pattern?



Stobbe et al. (2016) has suggested two models that may help address these questions. Model A calculates the catchment zone’s biomass production and grazing capacity and determines the number of animals that can be supported throughout the year. Model B is based on the number of house units in the settlement, the estimation of livestock associated with these households, and the size of the potential herd of the Bronze Age communities occupying these settlements.

In Model A, the catchment size is fixed to a 4 km radius. Stobbe utilized GIS software to identify the size of the different ecological zones within the catchment. Finally, she used the average estimated productivity of the steppe zone and meadow steppe to calculate the grazing potential. In Model B, the result suggested estimating the total population per house unit (up to 10) with around 1,000 livestock from 41 house units in Kamennyi Ambar settlements. There was no danger of overgrazing within the catchment zone. Stobbe generally suggests that a year-round grazing pattern was possible in the local catchment during the Bronze Age. However, fresh or dried fodder may have been prepared for weak animals or during the harshest Winter.

Sharapov (2017) has recently calculated the size of the catchment zone for the MBA population associated with the Zingeyka valley at a 7.5 km in radius. His method combined Stobbe’s Model A and Model B. He suggested that the herding pattern of the Bronze Age was similar to the Eurasian extensive pastoralist tradition that relied on very little to no use of prepared fodder. In this model, the vast majority of livestock were kept outside year-round (Yanguzin, 2002; Masanov, 2011) and corrals were often associated with households for the livestock.

Other scholars have underscored the importance of the seasonal fluctuation of grazing capacity and that pasture productivity from spring to winter can vary from 750 to 263 kg/ha (Sobolev, 1960; Levit and Mironycheva-Tokareva, 2005). The winter season in the South Urals region is very long and snowfall can last from 5 to 6 months. Therefore, cattle and sheep are kept close to houses within corrals and covered structures. Only horses are herded outside the village in winter. This minimization of risk method is still essential for local herder today. Many families in modern villages have two cows. With the assistance of mechanized machinery, it is possible to collect enough winter fodder during a single summer month. The archaeobotanical samples collected from the ancient Stepnoye settlement suggest the intensive exploitation of plant resources in the meadow zone instead of other ecological zones.

According to the settlement plan, following air photo interpretations, the maximum number of dwellings at this site was approximately 50 (Zdanovich and Batanina, 2007). Therefore, if we use the herd structure for an average 18th-century Bashkir household (10 people/per household) as an analogy, the meadow zone in the 5 km survey area would support 60–109 families.

It is also essential to utilizing the person per household estimates suggested for the Middle Bronze Age, which is from 3 to 10, and the Late Bronze Age is 5 (Kosarev, 1991; Epimakhov, 2002; Krause and Koryakova, 2013; Johnson, 2014). Using the maximum number of estimates for the households in the Stepnoye settlement and the estimated herd animals per person for the Bronze Age (Stobbe et al., 2016), the result suggests that it would be possible to feed 470 households (up to 10 people per household) in the catchment zone. This estimation is much greater than what was likely for the population at the Stepnoye settlement (interpreted to be 50 house units). However, the results indicate that the meadow zones in the survey area (5 km radius) were likely sufficient to support sedentary multi-resource pastoralism.

From these estimations, we can assume that overgrazing was an unlikely event during the Bronze Age. Furthermore, these results support the interpretation of the archaeobotanical samples obtained from the excavations of the Stepnoye settlement (Ng, 2018). The herding focus on the usage of meadow zones was essential and sufficient to support the pastoralist subsistence economy of the community occupying the Stepnoye settlement.


Ethnographic result and Bronze Age herding pattern

Compared with local ethnographic surveys, archeological and zooarchaeological results suggested that recent and Bronze Age herding activities have similar characteristics in livestock composition (cattle is dominated) and plant resource exploitation patterns (focus in meadow zones) in the settlement surrounding area. Cattle are dominated in recent livestock composition. Thus, the herd’s mobility and herding route are partly constrained. Based on the NDVI analysis, there is plenty of healthy summer vegetation in the survey area for herding activities. Therefore, herding routes are mainly decided along the water resources and maximize the grazing time in surrounding meadow zones because meadow zones provide the most valuable fresh pasture in the local environment. The result of pasture mapping also suggested that most of the meadow zones have relied on the yearly water resource (river or stream); it also guarantees the supply of fresh pasture from the meadow zone in the survey area. Therefore, in similar vegetation and landscape setting, we can assume the decision-making of Bronze Age herders may be identical to recent herders in summer.

Today, the haymaking process is essential in the local village. The haymaking season usually starts in July and ends in August, while grasses are fresh and can be dried before the snowing season Modern machinery allows a nuclear family to collect hay for 5–10 cows in a matter of 2–3 weeks (Chechushlov, 2018). During winter seasons, livestock is kept within covered corrals and fed by hays. The highest priority of the haymaking field is the meadow zone outside the grazing area. Due to the overlay of summer herding and haymaking seasons, herders will avoid the haymaking area during herding activities. Epimakhov (2010) suggested year-round grazing in Bronze Age, and we can see the 18th-century Bashkir pastoralists used the river valley as winter pasture. Therefore, assuming large-scale haymaking seems unlikely in Bronze Age is reasonable. However, considering this area’s harsh winter weather (over 150 snowy days), haymaking can be an essential risk minimization mechanic in Bronze Age. Providing fresh or dried fodder for weak animals or in severe winter is common today. This would also explain the sickles found in Bronze Age settlements and graves without evidence of agricultural activities but used as forage cutting.

Using these tools, 100 people can gather 25 ha of meadow within 1 days, their hay yield are enough to feed about 60 dairy cows for a period of 120 days (Stobbe et al., 2016).

Furthermore, the Chemical analysis of the house floor at Kamennyi Ambar settlements demonstrated a high phosphate value might be related to periodically livestock kept inside the enclosed structure (Chechushlov, 2018). From the archaeobotanical result, we can see abundant charred Fabaceae seeds from the meadow zone. These species are the highest valuable pasture in the survey area. The seeding season also overlayed with the haymaking season. Thus, these seed entries into the settlement may serve as fresh forage or hay.

Overall, the Bronze Age herding pattern may be similar to what we observed in the ethnographic study. The time of the indoor season (November–April) and open rangeland herding season (May–October) varies due to annual snowfall. In open rangeland herding season, livestock grazing in rangeland following herding routes maximizes the usage of meadow zones. Weak animals that stay indoor corrals are fed with collected fodder, and the rest can keep in the outdoor corral at night.

Whether the size of the herd and the Bronze herders permanently kept livestock in the enclosed settlement in winter cannot be answered conclusively in this study, as there is no clear evidence for the scale of the haymaking process in the Bronze Age. However, as a risk minimized mechanic in severe winter, we assume Bronze Age Herders will collect hay in the open rangeland herding season for the winter indoor corral season. A more detailed pasture capacity analysis over a year and the slaughter patterns of the Bronze Age Stepnoye settlement may help to answer these questions in the future.




Conclusion

This study pursued an ethnographic approach to mapping the Uy River Valley pasture. The results suggest that: (1) the herding pattern in Stepnoye village is related to the archaeobotanical remains from the Bronze Age Stepnoye settlement, in which Fabaceae from the meadow zone dominates. By observation, the best ecological zones for grazing livestock are the meadows and the rangeland surrounding the herding camps containing a significant proportion of meadow vegetation. Furthermore, the pattern of Bronze Age herding activities and today may be relatively similar within a similar environmental setting. Thus, an ethnographic approach to studying local herder activity can aid in understanding Bronze Age herding patterns. (2) Pasture mapping estimated the potential pasture related to meadow zones. Based on the regional study and inter-regional comparative data, we can assume that overgrazing was an unlikely event during the Bronze Age. Therefore, the herding pattern focus on the usage of meadow zones in the catchment zone may be essential and sufficient to support the pastoralist economy in Bronze Age Stepnoye settlements.

Compared with previous research, this study comprised archaeobotanical records from the Bronze Age settlement, ethnographic data from the local village and comparative studies, and detailed pasture mapping to discuss the herding pattern among Bronze Age Steppe communities in the Southeastern Ural Mountains. Therefore, this study provided essential comparative data for further discussion of herding patterns among Bronze Age pastoralist communities in the Eurasia Steppe.
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The introduction and the later dispersal of domestic cattle in China had played an enormous part in food production, handicraft manufacture, and ritual activities. However, we lack the details of pastoral economies, herding strategies, and utilization patterns of cattle in ancient China. This study, for the first time, uses biometrical assessments to investigate post-domesticated cattle husbandry and how it changed over time. Biometric data from eight sites dating from the Late Neolithic to the Late Bronze Age were evaluated using kernel analysis and mixture analysis. Results indicated that the general body size of cattle first decrease and then increase. By combining the estimated distribution of male and female individuals, we can see that the sex ratios affect size variation during Bronze Age times. Although no breed improvement has been detected so far, the herding and slaughtering strategies over time are different.
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Introduction

First domesticated in the Near East during the late 9th millennium BC and soon spread into the neighboring regions (Peters et al., 1999; Helmer et al., 2005; Arbuckle and Makarewicz, 2009; Hongo et al., 2009), cattle (Bos taurus), the domesticated form of the extinct aurochs (Bos primigenius) has been an important animal to many ancient societies since prehistoric times as it provides not only meat and milk for subsistence but also hide, blood, dung, traction, and even bones that contribute to the organization of human beliefs, cultural attitudes, and social complexity (Sherratt, 1981; Evershed et al., 2008; Campbell et al., 2011).

Changes in the animal body size were proven to be a powerful indicator in explaining both hunting and husbandry activities in ancient times, such as selective hunting (Zhang et al., 2022), early domestication (Grigson, 1989; Zeder and Hesse, 2000), herding strategies (Manning et al., 2015), and husbandry improvements (Davis and Beckett, 1999; Albarella et al., 2008; Davis, 2008; Wright, 2021). Previous biometrical analysis suggested that aurochs were widely hunted in China during the Early Neolithic and the Middle Neolithic times (−2300 BC), based on their relatively large body size compared with the standard animal and later samples. The small-sized domesticated cattle make its first appearance in the middle Yellow River Valley not earlier than 2300 BC (Yu, 2020). Bimolecular investigations confirmed that the domestication of cattle is a single event (Bollongino et al., 2006, 2008, 2012; Edwards et al., 2007), and domestic cattle in China were descendants of their Near East ancestors (Cai et al., 2014). However, the time and by what routes domestic cattle were introduced into China are still unclear (Yu, 2020). In addition, no previous study has investigated the details of cattle utilization after its introduction. This study, for the first time, reveals the patterns of change and diversity in cattle body size that are linked with husbandry practices and slaughtering strategies across northern China from the Late Neolithic to the Late Bronze Age, which helps to tease apart questions about livestock raising development and socio-economic organization in the past.


Archeological background and site description

In this study, biometrical data of domesticated cattle from eight archeological sites spanning the Late Neolithic through the Late Bronze Age periods (2300–771 BC) were involved (Figure 1 and Table 1). The Late Neolithic (2300–1900 BC) settlement sites of Shimao, Zhoujiazhuang, Muzhuzhuliang, and Shengedaliang belonged to the late Longshan Culture, which dates back to around 2300–1900 BC. Recent discoveries revealed a similar pattern of site layout, including large settlements, numerous house foundations, pits, as well as burials (Drennan and Dai, 2010; Shaanxi Provincial Institute of Archaeology, 2015, 2016; Hu et al., 2016). zooarchaeology, archaeobotanical, and isotopic analyses from these sites revealed that intensive agriculture was taking place focusing on millet cultivation and caprids-pig-based herding economy (Zhao and He, 2006; Chen et al., 2012, 2015; Brunson et al., 2015; Hu et al., 2016; Yang et al., 2021). As previous research suggested, mammal species discovered from archeological sites in the Early Neolithic and the Middle Neolithic (−2300 BC) comprise mainly wild boar and domesticated pig [Sus scrofa, 15–85% by number of identified specimens (NISP)], as well as various kinds of deer (up to 80% by NISP), including roe deer (Capreolus pygargus), red deer (Cervus elaphus), Père David’s deer (Elaphurus davidianus), sika deer (Cervus nippon), Chinese water deer (Hydropotes inermis), and muntjak (Muntiacus spp.) (Yu, 2019). Bos remains from these periods were all aurochs and guar (Chen et al., 2020; Yu, 2020). Domestic cattle were introduced in China around 2300 BC; therefore, data from the Late Neolithic represent the circumstance of the earliest stage of cattle husbandry in Chinese civilization (Yu, 2020).


[image: image]

FIGURE 1
Map of archeological sites included in this study. 1. Shimao; 2. Muzhuzhuliang; 3. Shengedaliang; 4, Huoshiliang; 5, Xiaomintun locus of Anyang Yinxu, Zhangdeng; 6, Guandimiao; 7, Xinzhai; 8, Wadian; 9, Erlitou; 10, Nanwa, Wangchenggang; 11, Zhoujiazhuang; 12, Taosi; 13, Donglongshan; 14, Fengxi; 15, Zaoshugounao; 16, Zaolinhetan; 17, Nianzipo; 18, Yuntang, Qijia, Zhougongmiao locus of Zhouyuan; 19, Changning.



TABLE 1    Sample sources for the Late Neolithic to the Late Bronze Age cattle.
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The Early Bronze Age (1900–1500 BC) sites comprise Erlitou Culture settlements of Nanwa and Donglongshan (Shaanxi Provincial Institute of Archaeology and Shangluo Museum, 2011; Department of Archaeology Zhengzhou University, 2014), and Qijia Culture settlement Changning (Li, 2012). Previous zooarchaeology studies revealed that the faunal assemblages of Nanwa and Donglongshan were dominated by domestic pigs, and Changning was dominant by caprids (Hu, 2011; Li, 2012; Yu, 2014). Analysis of archaeobotanical remains from the Nanwa site suggested a dry-land agriculture tradition heavily relied on millet (Wu et al., 2014).

The Late Bronze Age (1046–771 BC) period was represented by Yuntang bone-working locus belonging to the early and mid-Western Zhou Dynasty. Yuntang locus is located within the core area of the Zhouyuan site, the dynastic capital of the Zhou Dynasty. The total size of Yuntang is approximately six hectares. In the first excavation in 1976, more than 10 tons of bone materials were recovered in an area of 350 m2. In 2013, the Zhouyuan Archeological Team proposed to include the study of the Yuntang bone-working industry as a subproject in the long-term research project “Settlement and Society at Zhouyuan” and decided to conduct a new season of survey and excavation at the Yuntang locus. In 2014, Zhouyuan Archeological Team excavated a trench (14ZYG1) of 20 m2 (2 × 10 m, 3–3.5 m in depth) at the northeast part of the site, approximately 30 m north of the excavation location in 1976. In total, 1.9 tons of bones were recovered. Cattle bones dominate the entire faunal assemblage followed by pigs and caprids (Zhao, 2017).




Materials and methods

Osteometric data used in this study include metrics collected for this study and from published sources (Table 1). This is by far the largest dataset of archeological cattle bone metrics from China. A scatter graph was commonly used to compare the dimensions of archeological specimens (Yu, 2020), but this method requires a relatively large sample size. Besides, two or more dimensions from each specimen will be needed for data plotting, which rarely happens in archeological assemblages. One of the most significant advances to increase the sample size for biometrical methods is the application of the log size index technique. However, the fundamental imperfection of this approach is that the method is based on the assumption that all measurements vary proportionally with the size of the standard animal, ignoring the fact that allometry will have an impact on body proportions, which do vary by age, sex, environment, region, breed, and so on. Meanwhile, by lumping all measurable data together, element-specific information will be weakened (Meadow, 1999).

Therefore, in this study, we used the greatest breadth of the distal end (Bd) of metacarpal to chase the variation of body size and sex ratio among periods, as it has the highest frequency and best preservation condition (Yu, 2020) and relatively high value for size estimation (von den Driesch, 1976) and sex differentiation (Higham, 1969; Svensson et al., 2008; Prummel and Niekus, 2011; Davis et al., 2012; Telldahl et al., 2012) of all measurable body parts. Biometric data were collected on all completely fused metacarpals discovered in the studied sites, following von den Driesch (1976) with a Mitutoyo caliper (precision: tenths of millimeter). As cattle are animals with determinate growth, once fusion takes place further growth in most body dimensions is no longer possible (Reitz and Wing, 2008). The distal metacarpal of cattle fuses around 2–2.5 years of age (Silver, 1969), which said that the age of all individuals involved in this research is subadults and adults (O’Connor, 1991; Jones and Sadler, 2012), older than 2 years of age.

Raw osteometric measurements were first displayed in boxplots showing the variations of the median, inter-quartile range, and maximum and minimum values among the three studied periods. These data were then plotted in histograms for the demonstration of distribution together with kernel analysis, which helps to smooth the distribution of the frequencies of the quantitative variable. Finally, mixture analysis was performed in order to evaluate the number of groups present in a sample and assign each variable to a corresponding group. This method was proved to be a powerful tool for sexing populations. In the meantime, the proportions of each group, mean, and standard deviation were also provided (Monchot et al., 2005). The statistical differences between biometrical data were examined among periods and assigned groups via the Mann–Whitney U test. The level of statistical significance was set at p = 0.05. Statistical tests and analysis for biometric data were performed using PAST 4.07 (Hammer et al., 2001).



Results


The change in general body size

According to Figure 2, the general body size represented by the greatest distal breadth of metacarpals changed through time. The size of Early Bronze Age cattle decreased when compared with Late Neolithic. In contrast, Late Bronze Age cattle showed a marked increase in the median metacarpal Bd value from 60.91 to 66.76 mm. However, the results of the Mann–Whitney U test were not significant (Table 2).
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FIGURE 2
Boxplots showing median, inter-quartile range, and maximum and minimum values for cattle metacarpal Bd.



TABLE 2    Mann–Whitney U test pairwise comparisons of cattle metacarpal Bd from the Late Neolithic to the Late Bronze Age periods.
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Sex ratio diversity among periods

What stands out in Figure 3 is a clear bimodal distribution of metacarpus Bd measurements of cattle bones from three periods, supported by histograms and kernel density curves. Thus, the mixture model was successfully fitted for each period. As males are generally larger than females among most mammals (Higham, 1969); therefore, a lower mean value corresponds to female individuals, and a higher mean value corresponds to male individuals. Previous studies indicated that the greatest length (GL) and the smallest breadth of the diaphysis (SD) of metacarpus were commonly used as indicators for tracing castrates (Albarella, 1997; Minniti and Abatino, 2022), as their limb bones tend to be slender and longer due to the delay of epiphyseal fusion (Davis, 1996, 2000). However, complete metacarpus is extremely rare in our current data set, which enabled the determination of steers. Thus, we used male/castrate cattle to indicate individuals of larger body sizes. The estimation of probable proportions of female and male/castrate cattle, mean and standard deviation, and numbers of assignment of female and male/castrate cattle in each period are reported in Table 3.
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FIGURE 3
Histograms with Kernel density curves (green) showing the distribution of metacarpal Bd of cattle from the Late Neolithic to the Late Bronze Age and the results of mixture analysis modeling grouping (red).



TABLE 3    Mixture analysis results of metacarpal Bd and numbers of assignment of female and male/castrate cattle in each period.
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Table 3 shows a marked decrease in the size of the Early Bronze Age individuals. Both female and male/castrate groups were 3 mm smaller when compared with the Late Neolithic ones. However, no statistically significant difference between the means of the Late Bronze Age and the Early Bronze Age was evident. Moreover, the sex ratio also changed over time. The female probability across assemblages reduced from 66 to 56% and then 30%, and the probable proportions of male/castrate cattle increased accordingly. Finally, there was no significant variation between the size difference of the two sexes with time, as male/castrate metacarpal Bd was larger than female by 9 mm at all times.

Table 4 shows a significant Mann–Whitney result (p ≤ 0.05) between the Late Neolithic female and the Early Bronze Age female as well as Late Bronze Age female, indicating the size change among female individuals through time is obvious. In contrast, size variation among male/castrate individuals is not statistically significant.


TABLE 4    Mann–Whitney U test pairwise comparisons of female and male/castrate cattle metacarpal Bd from the Late Neolithic to Late Bronze Age periods.
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Discussion and interpretation


Body size variation and natural factors

Previous studies demonstrated that body size reduction was a consequence of domestication, such as pigs, cattle, and caprids in the Near East (Peters et al., 1999; Hongo et al., 2009). After they were introduced to Europe, the body size of cattle decreased from Neolithic to pre-Roman Iron Age (Schibler and Schlumbaumm, 2007; Manning et al., 2015) and then increased from the Iron Age/Roman transition period and beyond (Davis and Beckett, 1999; Albarella et al., 2008; MacKinnon, 2010; Colominas et al., 2014). However, some datasets in Europe addressed that breed improvement indicated by size increase might have happened during the Neolithic and Bronze Age (Gaastra, 2014; Wright, 2021), much earlier than the Roman conquest.

Yet, body size was linked to many factors, including natural and artificial (Reitz and Wing, 2008). In this study, we discussed the possibility of natural factors, which might have caused such variation. Climate and environmental diversity is one significant natural factor that affects animal body size. For instance, biometric data of modern wild goats and ancient aurochs confirmed the presence of geographical variation, with body mass smaller in warmer environments and larger in colder environments (Zeder and Hesse, 2000; Wright and Viner-Daniels, 2015). We would expect that such influence affects all species if this is the main factor related to our dataset. However, pig and sheep biometric data collected from the Late Neolithic to the Late Bronze Age China indicated no distinct variation in animal body size (Luo, 2012; Zuo, 2018). Our data show that the directional size reduction only affected cattle, and therefore, climate and/or environment as causal factors during the post-domestication period can be rejected.

Another natural factor could be hybridization with wild ancestors after domestication. Measurements of cattle postcranial bones revealed a gradual size reduction during the late 9th millennium BC and revealed the early stage of indigenous domestication (Peters et al., 1999; Hongo et al., 2009). The sex-specific analysis also confirmed this trend (Helmer et al., 2005). We can assume that both female and male individuals are smaller than their ancestors of the same sex. Therefore, crossbreeding between female aurochs and male domestic individuals and male aurochs and female domestic individuals would both lead to a size increase. Ancient DNA evidence confirmed the incorporation of wild stock into a domestic cattle herd from a complete metacarpal in Switzerland, which was directly dated to 3,360–3,090 cal. BC. This small and compact adult bovid is morphologically and genetically a female. This cow possessed a novel mtDNA P haplotype variant of the European aurochs, which can be explained as breeding with female aurochs (Schibler et al., 2014). However, the circumstance of hybridization is generally very rare; therefore, we considered that its influence on body size is minor. Taken together, natural factors might not have been the primary cause of cattle body size variation in the post-domestication period.



Cattle body size variation from the Late Neolithic to the Early Bronze Age

From the body size distribution analysis above, we can see that in China, although not significantly supported by the Mann–Whitney U test, the general body size represented by metacarpal Bd decreased from the Late Neolithic to the Early Bronze Age. The decrease in body size was normally explained as the increase in the proportion of smaller individuals, females for instance (Manning et al., 2015). However, the variation of sex ratio over time revealed by mixture analysis suggested that the numbers of female individuals in the Early Bronze Age decreased by 10% (Table 3), thus not supporting the hypothesis of an increase in the proportion of females.

The means of male/castrate and female assigned by mixture analysis proved that both male/castrate and female from the Early Bronze Age were smaller than in earlier periods (Table 3). A possible explanation for this might be that the body weight of reproductive (female) individuals is decreasing. Age at puberty is important as a production trait. The puberty of modern cattle ranged from 10 to 24 months, with an average of 15 months, which means that heifers are bred to calve at the age of 2 years, as the gestation period is approximately 9–10 months (Hafez and Hafez, 2000). However, modern herders make the decision based on weight, not age. Weight is strongly linked to nutritional status, which determines the hormone level of puberty. The traditional rule in heifer development has been to develop heifers to 60–65% of their mature weight by the start of the breeding season. However, the latest animal science research suggested that from an economic standpoint, developing heifers to 50–55% of their mature weight, may yield more economical results as heifers that conceive early in the first breeding season have greater lifetime production. However, smaller heifer development weights may mean lower pregnancy rates and lower birth weights (Funston and Deutscher, 2004).

A similar hypothesis has been raised by Manning et al. (2015) as the size reduction was caused by a younger subadult reproduction age. In fact, weight, size, and age are significantly correlated (Reitz and Wing, 2008), the shift in size suggested changes in weight and/or age. Thus, the fundamental mechanism behind this observation is the lightening of heifer target weights. In modern systems that impose restricted breeding periods, calving by 24 months of age is necessary to obtain maximum lifetime productivity (Patterson et al., 1992). Although we are unable to evaluate the exact age of puberty and calving of ancient cows, the smaller size of metacarpus Bd from the Early Bronze Age is linked to a group of cattle that was delivered by lighter (smaller and younger) heifers, when compared with those from the Late Neolithic.



Cattle body size variation from the Early Bronze to the Late Bronze Age

In contrast, cattle body size increased during the Late Bronze Age compared with the Early Bronze Age. The size increase was usually interpreted as breed improvement, a direct correlation with meat yield and traction (Albarella et al., 2008). However, in our dataset, the general size increase of the assemblage does not coincide with the size increase of individuals. Mixture analysis addressed that the means of assigned female and male/castrate of the Late Bronze Age is almost the same as the Early Bronze Age. The reason for this general gain in size is due to the increased proportion of male/castrate individuals from 44 to 70% (Table 3). So, why did the slaughtering pattern of cattle undergo such a substantial shift in sex ratio?

As cattle is an animal that can be exploited for multiple purposes including meat, milk, and traction. Based on the values one can provide from different age stages and sexes, mortality pattern was widely used to chase herders’ decisions. For example, if meat production is the aim, most individuals are killed when they reach the optimum point in weight gain (Payne, 1973). The high percentage of slaughtered male claves, in contrast, is strongly linked to the intensive exploitation of dairy products (Balasse and Tresset, 2002; Balasse, 2003).

In Yuntang, the survivorship of cattle was generated from epiphyseal fusion order and timings (Silver, 1969), as mandibles were not brought to the site. The result suggested that 100% of the individuals survived through the first year and 99% survived till the age of 2 years. Sizable slaughter started during the 2–3 years old stage; approximately, 31% of the cattle were killed. Notably, 39% more were slaughtered during their 3–4 years old, and only 29% of the cattle were able to survive beyond 4 years. Overall, the intensive slaughter started after 2 years of age, and the majority of cattle were butchered before reaching 4 years old (Zhao, 2017).

Yuntang is a bone workshop, and the source of cattle bones for manufacturing was thought to be originated from settlement sites outside of Yuantang across the Zhouyuan area. Thus, the complete raw materials and offcuts that provided fusion information did not represent the cattle slaughtering pattern well in the Late Bronze Age in general. This is because the bones of immature individuals may not have been transported to Yuntang for manufacturing as they were not robust enough. Therefore, we are unable to rule out the possibility of immature culling in the settlement sites, which is linked to sophisticated milk exploitation, even though nearly no individuals aged younger than 2 years existed in Yuntang.

However, we can still use this pattern to investigate the characteristic of cattle utilization in the West Zhou Dynasty. Most of the cattle in Yuntang were killed within a concentrated age range of 2–4 years. The age of 2–4 years is basically an ideal and reasonable time for butchering cattle for beef. This is because cattle would reach adult size around 2 years old. Thereafter, their size and weight would maintain stability, thus the economic efficiency of keeping cattle older than 2 years would decrease gradually (Greenfield, 1988). Thus, we considered that the majority of cattle (approximately 70%) at Yuntang were butchered mainly for producing beef. Meanwhile, less than 30% of cattle lived longer than 4 years. It seems that not many cattle were kept for long-term secondary production. The Yuntang assemblage, therefore, is considered a good dataset representing the range and distribution of cattle body sizes that were killed for meat consumption in the Late Bronze Age.

The meat provision slaughtering pattern not only demonstrated an age preference but also a sex preference. Since most of the male and castrated individuals were not needed for herd reproduction, only a few being kept for breeding. Although the present dataset did not provide enough information on the identification of oxen, we may still infer that the change of sex ratio with time was driven by intensifying meat production strategies relying on the culling of male or castrated individuals around 2–4 years old. This might be the reason why the general body size of the Late Bronze Age showed a marked increase in the median value (Figure 2).

Although biometrical data from the Middle Bronze Age (Shang Dynasty and the Pre-Zhou period, 1600–1050 BC) is scarce at the moment, the consistency of investigation on cattle husbandry during the Bronze Age is thus limited. Relative proportion, in contrast, may provide direct evidence of herders’ preference. Relative proportions of cattle, pig, and caprids NISP from sites in Northern China during the Late Neolithic and the Late Bronze Age show a marked increase of cattle remains since the Middle Bronze Age (Figure 4; Yuan, 2000; Zhou, 2007; Hu et al., 2008; Hou et al., 2009, 2018, 2019; Shaanxi Provincial Institute of Archaeology et al., 2010; Lin et al., 2013; Li et al., 2014, 2020; Yu, 2019). During the Late Neolithic and the Early Bronze Age, the relative proportion of cattle never exceed one-third of the main domesticates, and the average is 13% in the Late Neolithic and 20% in the Early Bronze Age. In the Middle Bronze Age sites of central China, cattle took up approximately 35–60% of the main three, and the average increased to 43%. During the Late Bronze Age, the average proportion increased to 48% (Yuntang was excluded as other sites were all settlements). When calculated in terms of the contribution to the primary and secondary products per head, the significance of cattle husbandry in the Middle and the Late Bronze Age times is undeniable.


[image: image]

FIGURE 4
Relative proportions of cattle remains among cattle, pig, and caprids NISP of the studied sites.





Conclusion

Osteometric data for cattle from eight assemblages from the Late Neolithic to the Late Bronze Age in China were used to evaluate the differences in body size and to explore the effect of sex ratio on size variation, based on mixture analysis using the measurements of the greatest distal breadth (Bd) of the metacarpus. Evidence for time trends shows that the general body size decreased from the Late Neolithic to the Early Bronze Age and then increased from the Early Bronze Age to the Late Bronze Age.

Sex ratio estimated by mixture analysis demonstrated an increase in male/castrate individuals with time. The average mean size of each sex reduced from the Late Neolithic to the Early Bronze Age but showed no differences in size between the Early Bronze Age and the Late Bronze Age. A similar range of size reduction was detected in both sexes, suggesting that the difference between male/castrate and female breeding strategies was minor. An early shift in body size might be correlated to the lightening of heifer target weights, resulting in faster replacement of females and feed cost reduction. Later shift in sex ratio might be correlated to a slaughtering preference for male/castrate individuals. Both were linked to meat production in the Bronze Age times.

Evidenced by biometrical assessments, in conjunction with taxonomic abundances and mortality profiles, this study addressed that although also used for other purposes such as milk, traction, and ritual, the primary motivation for cattle husbandry in Bronze Age China was to fulfill the demands of beef provision. Further investigations with larger sample sizes from the Middle Bronze Age and settlement sites from the Late Bronze Age are required to confirm this cattle utilization pattern in early China.
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Southern Central Asia witnessed widespread expansion in urbanism and exchange, between roughly 2200 and 1500 B.C., fostering a new cultural florescence, sometimes referred to as the Greater Khorasan Civilization. Decades of detailed archeological investigation have focused on the development of urban settlements, political systems, and inter-regional exchange within and across the broader region, but little is known about the agricultural systems that supported these cultural changes. In this paper, we present the archaeobotanical results of material recovered from Togolok 1, a proto-urban settlement along the Murghab River alluvial fan located in southeastern Turkmenistan. This macrobotanical assemblage dates to the late 3rd - early 2nd millennia B.C., a time associated with important cultural transformations in southern Central Asia. We demonstrate that people at the site were cultivating and consuming a diverse range of crops including, barley, wheat, legumes, grapes, and possibly plums and apples or pears. This, together with the associated material culture and zooarchaeological evidence, suggest a regionally adapted mixed agropastoral economy. The findings at Togolok 1 contribute to the ongoing discussion of dietary choices, human/landscape interactions, and the adaptation of crops to diverse ecosystems in prehistoric Central Asia.
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Introduction

The oldest evidence for agriculture in the piedmont of the Kopet Dag foothills in Turkmenistan comes from the Neolithic settlement of Djeitun, dated to approximately 6000 B.C. (Harris, 1997, 2010). Recovered remains of sheep (Ovis sp.) and goat (Capra sp.), as well as charred chaff and/or grains from six-row barley (Hordeum vulgare), einkorn (Triticum monococcum), and possibly emmer (Triticum dicoccum) and free-threshing wheat (Triticum aestivum/durum) suggest Djeitun’s inhabitants practiced a mixed subsistence economy (Masson, 1961; Kasparov, 1992; Legge, 1992; Harris et al., 1993; Harris, 2010). Further evidence of cereal processing at the site included, sickle blades, stone mortars, pestles, and grindstones (Korobkova, 1981; Harris et al., 1993). The early presence of einkorn and six-row barley at Djeitun provides support for the eastward movement of these crops from Southwest Asia (Jones et al., 2011; Stevens et al., 2016). Between the mid-fourth and third millennia B.C., the piedmont plain north of the Kopet Dag experienced settlement expansion. The period was also marked by greater interactions between the populations of the piedmont and areas such as Shahr-i Sokhta in Iran, Mundigak in Afghanistan, and the Zeravshan River in Uzbekistan, which has been demonstrated by material finds (Salvatori, 2008a). During the fourth through third millennium B.C., proto-urban settlements were first constructed along the inner river delta of the Tedjen (the Geoksyur Oasis sites), and by the mid-third millennium B.C. in the previously under-exploited Murghab River alluvial fan (Masimov, 1981; Kohl, 1984; Gubaev et al., 1998; Salvatori et al., 2008; Bonora and Vidale, 2013; Lyonnet and Dubova, 2021; cf., Salvatori, 2007, 2008b regarding archaeology visibility). In addition to the increase in urbanism, there is evidence for significant inter-regional trade and wider connectivity between regions, including the Indus Valley, Iranian Plateau, Persian Gulf, and Mesopotamia (Sarianidi, 1986, 1998, 2005; Hiebert and Lamberg-Karlovsky, 1992; Salvatori, 2000; Winckelmann, 2000; Possehl, 2002; Tosi and Lamberg-Karlovsky, 2003; Kohl, 2007; Salvatori et al., 2008; Frachetti, 2012; Lombard, 2021; Lyonnet and Dubova, 2021). Possehl (2002, 2007) calls this connectivity the Middle Asian Interaction Sphere (MAIS). The movement of goods during this period is supported by a broad geographic range of ‘exotic items’ such as, ivory objects, etched carnelian beads, faience, chlorite products, figurines, pottery, seals from the Indus Valley and Iranian Plateau, and possibly metal ore (Sarianidi, 2001, 2007; Salvatori et al., 2008; Kaniuth, 2010; Frenez, 2018; Garner, 2021; Lyonnet and Dubova, 2021). These ancient exchange networks undoubtably contributed to what would become the Silk Road three millennia later.

Building from this widespread expansion of urbanism and trade was the development of a cultural phenomenon (with distinct architecture and material culture) broadly centered in the region between northern Afghanistan, southern Uzbekistan, western Tajikistan, and the Murghab River alluvial fan of southeastern Turkmenistan; although, its geographical boundaries are not sharply defined (ca. 2250–1700 B.C.; Lyonnet and Dubova, 2021). This cultural phenomenon has sometimes been referred to as the Bactria-Margiana Archeological Complex (BMAC; Sarianidi, 1974), or, alternatively, the Oxus Civilization (Francfort, 1984), and more recently, the Greater Khorasan Civilization (GKC; Biscione and Vahdati, 2021). Most archeologists agree that the GKC began to “decline”1 between 1700-1500 B.C.; although, this shift may have begun earlier in the Murghab. Starting in the Late Bronze Age (ca. 1900 B.C.), the north-eastern part of the Murghab alluvial fan experienced a decentralization of its settlements (Salvatori, 2008b; Salvatori et al., 2008), likely due to the gradual aridification of the surrounding environment (i.e., the limited availability of water and encroaching aeolian sands; Cremaschi, 1998; Cattani et al., 2008; Cerasetti, 2008, 2012; Markofsky, 2014, Markofsky et al., 2017; Rouse and Cerasetti, 2017). Populations continued to shift southward upriver through time (Salvatori, 2008b; Salvatori et al., 2008; Cerasetti and Tosi, 2010).

Significant research concerning the architecture, climate, settlement patterns, hydrological systems, material culture, and population dynamics in the Murghab River region have been conducted (e.g., Masson and Sarianidi, 1972; Masimov, 1981; Sarianidi, 1986, 1990a,b,1993; Lyapin, 1991; Hiebert, 1994, 1998; Cremaschi, 1998; Gubaev et al., 1998; Rossi Osmida, 2002; 2005, 2007; Cattani and Salvatori, 2008; Salvatori et al., 2008; Rossi Osmida, 2011; Cerasetti et al., 2014; Lyapin, 2014; Rouse and Cerasetti, 2014, 2017; Forni, 2017). Yet, there have been relatively few studies focused on what the economy looked like in these proto-urban settlements (c.f., Miller, 1993, 1999; Moore et al., 1994; Sataev, 2021). Recent archaeobotanical studies from settlement sites, such as Adji Kui 1 (Spengler et al., 2018) and Gonur depe (Sataev and Sataeva, 2014), and mobile-pastoral sites, such as Ojakly and Chopantam (Spengler et al., 2014), are adding to what we know about past economic systems, foodways, and land use in the Murghab. Here, we present the archaeobotanical results from the 2014 field season at the Bronze Age site of Togolok 1 to explore subsistence practices during the transition between the third and second millennia B.C.



Environmental setting

Togolok 1 (38°06′54.8″ N, 61°59′50.8″ E) is a proto-urban settlement, located along one of the main channels of the Murghab River in southeastern Turkmenistan (Figure 1), dated to the Middle to Late Bronze Age (3rd - 2nd millennia B.C.). The Murghab River flows from the Paropamisus Mountains north into the depression of the Turan Plain, where it spreads out into several channels creating an endorheic delta (or alluvial fan), which ultimately dissipates in the sands of the Karakum Desert (Babaev, 1994; Cremaschi, 1998; Marcolongo and Mozzi, 1998). The alluvial fan, while largely stable, has undergone a few changes over the millennia, including, a general westward shift because of underlying geomorphology and a retraction of its northern reaches possibly due to changes in water availability since the end of the third millennium B.C. (Cremaschi, 1998; Marcolongo and Mozzi, 1998; Markofsky et al., 2017). Shifts in water availability have stemmed from climatic and hydrological conditions, as well as anthropogenic pressures in more recent times (Cremaschi, 1998; Marcolongo and Mozzi, 1998; Markofsky et al., 2017).
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FIGURE 1
(A) Map of southern Central Asia and surrounding areas with key ancient cities/areas: 1-Hissar, 2-Djeitun, 3-Anau, 4-Namagza-depe, 5-Ulug-depe, 6-Altyn-depe, 7-Tedjen Alluvial Fan, 8-Geoksyur Oasis, 9–18-Murghab Alluvial Fan, 19-Bukhara, 20-Samarkand, 21-Sarazm, 22-Dashly, 23-Balkh, 24-Sapalli-tepe, 25-Djarkutan, 26-Shortugai, 27-Shahr-i Sokhta, 28-Mundigak, 29–30-Mehrgarh and Nausharo; (B) Close up of Murghab Alluvial Fan highlighting important sites: 9-Kelleli sites, 10-Taip sites, 11-Egri Bogaz sites, 12-Adji Kui sites, 13-Ojakly, 14-Auchin sites, 15-Gonur depe, 16-Togolok 1, 17-Chopantam, and 18-Merv. Map created with QGIS using Esri World Imagery Basemap, Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community; and river dataset source: 2005@Savitsky Ivan (taken from https://www.caee.utexas.edu/prof/mckinney/Central_Asia_Data/index.htm) (07.03.2022).


Although some aspects of Holocene climate change in Central Asia remain unclear, general aridification and its variation through time has been considerably researched (Staubwasser et al., 2003; Staubwasser and Weiss, 2006; Chen et al., 2008; Luneau, 2018; Fouache et al., 2021). Pollen data recovered from lake cores in the eastern Pamirs [e.g., Lake Karakul, Tajikistan (Heinecke et al., 2017) and Lake Issyk-Kul, Kyrgyzstan (Ricketts et al., 2001)], as well as the northwestern Himalayas (e.g., lake Tso Moriri; Leipe et al., 2014) mark an environmental shift beginning after 5000 B.C. to more arid conditions across the broad region. This perceived shift may have been connected to changes in the influence of the monsoonal front (Leipe et al., 2014). Whereas Chen et al. (2008)’s compilation of available records from Central Asia suggests that a period of increasing aridity began after 2000 B.C. In the Murghab, this aridification may be partially responsible for the retraction of the terminal reaches of its alluvial fan, evident by the late Middle to Late Bronze Age (i.e., approximately 1900 B.C.; Cremaschi, 1998; Markofsky et al., 2017), which corresponded with a transformation of the settlement system in this area (Salvatori, 2008b). Similar population displacements or reorganizations, also attributed to hydro-environmental changes, are attested in other Central Asian alluvial fan regions, including on the Balkh and Zeravshan rivers (Fouache et al., 2012, 2021). Fouache et al. (2021, p. 82) suggest two major factors impacted settlement patterns in southern Central Asia, both of which are related to the availability of water, and include: a change to a river’s course or a decline in its flow. Evidence for this in the Murghab is demonstrated by spatial distribution of settlement sites near paleochannels through time (Salvatori et al., 2008; Cerasetti and Tosi, 2010; Rouse and Cerasetti, 2017); although, it should be noted that Salvatori (2008b) has also emphasized the importance of considering the influence of socio-political factors when it comes to the settlement system(s) in the region.

Markofsky et al. (2017) highlight the dynamic nature of the liminal spaces found where floodplain transitions to desert in Central Asian inland deltaic environments and how this interplay shapes the way people use and interact with them (e.g., irrigation, crop production, and other resource use). Human (e.g., land use) and environmental (e.g., geology, hydrology, and vegetation) factors at the local level can influence broader ecological conditions, and vice versa (e.g., a change in spring rains in the mountains can greatly affect the availability of water) (Markofsky et al., 2017). They posit that understanding this “socio-ecological balance” allows for a clearer understanding of changes in human-environment relationships through time in the region (Markofsky et al., 2017, p. 2). Previous interpretations of prehistoric human occupation in the Murghab have often focused on the alluvial fan as an enclosed space. The “oasis” model suggests that settlements, like Togolok 1, were located in micro-oases along water channels within a largely desert landscape (e.g., Kohl, 1984; Sarianidi, 1990c; Hiebert, 1994). While an alternative model proposes that there was widespread occupation and possibly also cultivation of the Murghab floodplain (Cattani et al., 2008; Cattani and Salvatori, 2008; Cerasetti et al., 2014). Evidence underpinning the latter, includes the broad distribution of pottery found during surface surveys in the areas between the so-called “oases” (Cattani and Salvatori, 2008; Markofsky et al., 2017). Further evidence for this model is offered in Cremaschi (1998), where he describes looted burials (dating to mid-3rd to early 2nd millennia B.C.) from the cemetery near Gonur South. Specifically, he mentions burial 116, because a firepit with Late Bronze Age material was found on top of its looter shaft. This was important because the burials had been dug into alluvial soil and the only aeolian sand present in them was within the intrusions caused by the looters. This allowed Cremaschi (1998) to posit that the encroachment by aeolian sands must have occurred after the initial Mid-Bronze Age burial and before the fire associated with the Late Bronze Age (i.e., suggesting later aeolian sand encroachment). Support for more nuanced interpretations situated within local contexts has characterized recent research (e.g., Cleuziou et al., 1998; Markofsky and Bevan, 2012; Cerasetti et al., 2014; Wilkinson, 2014; Markofsky et al., 2017; Rouse and Cerasetti, 2017). Markofsky et al. (2017) advocate for more critical interpretations concerning environmental and human relationships and suggest that there is great variation not only within the interaction between encroaching aeolian sands, alluvial depositional processes, and other ecological factors, but also in human response or adaptations to environmental conditions at the local level of these inland deltas.

There is a general precipitation gradient in broader Turkmenistan, which suggests that precipitation declines with distance from the mountains in the southwest. Didovets et al. (2021) reported a mean average annual precipitation of 308 mm between 2000 and 2013 for the Murghab alluvial fan. Their measuring station in Taghtabazar, however, is located further south, a distance of more than 200 km from the Togolok area. Given Togolok’s location, a more reasonable estimation of modern mean average annual precipitation may be less than 100-130 mm (Babaev, 1994; Harris, 2010). This estimate is further supported by Orlovsky’s (1994) assignment of a mean average annual precipitation of 110–150 mm to the lowland Karakum region, which encompasses the Murghab. Furthermore, the mean average annual precipitation for all of Turkmenistan is usually below 150 mm (Chemonics International Inc., 2001). Most of this precipitation falls between January and April, and it is typically drier and hotter from June through September. Mean average annual temperatures are usually around 16.5°C but can reach up to 48°C (Babaev, 1994). This modern climate data has been used in the region as a loose estimate of what happened in the past (e.g., Cerasetti et al., in press a).

While the Murghab River alluvial fan is located within a xerophytic shrubland (Dinerstein et al., 2017), microenvironments consisting of reedy marshes and tugai forest persist along the edges of the natural river channels and other modern waterways (Suslov, 1961; Hiebert, 1994). Tugai forest vegetation includes genre such as Euphrates poplar (Populus pruinose), Russian olive (Elaeagnus angustifolia), and Salix and Tamarix (Walter and Box, 1983, 95–97; Hiebert, 1994; Ministry of Nature Protection, 2002). The desert vegetation is often dominated by Artemisia and halophytic species (Salsola and Anabasis). Other common genre found in the region include Allium, Alhagi, Astragalus, Carex, Ephedra, Ferula, Halothamus, Haloxylon, Stipagrostis, and Tulipa (Hiebert, 1994; Harris, 2010; Spengler et al., 2014). Desert soil in the region consists of two types: clay/loam and loess/gravel (Babaev, 1994). The clay and loam desert soil includes ‘takyrs,’ which are clay surfaces, often found in interdune regions or depressions, that have a hard, cracked crust appearance (Babaev, 1994; Maman et al., 2011; Markofsky et al., 2017). Their high clay content contributes to poor drainage and makes takyrs natural water traps (Maman et al., 2011; Markofsky et al., 2017). Sierozems, highly fertile soils, often form on loess desert soils. Both sierozems and loess soils are high in carbonates (which can help regulate the pH and promotes soil fertility) and have low rates of salination (Babaev, 1994). Salination is a major cause of desertification in modern Central Asia (Severskiy, 2004).



Archeological context

Togolok 1 is part of the broader archeological landscape of the Murghab Alluvial Fan, where about 2,000 archeological sites have been identified (Figure 1B; Masimov, 1981; Gubaev et al., 1998; Cerasetti, 2004, 2008; Salvatori et al., 2008; Cerasetti et al., 2014). The name ‘Togolok,’ Turkmen for ‘mound’, is used as a general designation for a cluster of archeological sites (>30) in the region (Cerasetti et al., in press a,b; Sarianidi, 1990c). Togolok 1 consists of two mounds (Sarianidi, 1986, 1990a; Hiebert, 1994): Tepe 1 (9 ha, 4 m high) and Tepe 2 (2.30 ha, 2 m high) (Figure 2), making it larger than other sites in the local vicinity. Tepe 2, a fortified structure comparable to but smaller than Togolok 21, was fully excavated in the late 1980’s by Sarianidi (1986, 1990a,b). Tepe 2 and Togolok 21 were interpreted as monumental temple complexes (Sarianidi, 1986, 1990a,b). Material finds like those found at Dashly, Sapalli-tepe, and Djarkutan were uncovered at both sites (P’yankova, 1989; Hiebert, 1994). A deep test pit (∼3.5 m) was also dug into the southeastern portion of Tepe 1 to investigate its stratigraphy (Sarianidi, 1986). Additionally, Togolok 1 was part of the broader program of surface surveys conducted by The Archaeological Map of the Murghab Delta (AMMD) project (Gubaev et al., 1998; Salvatori et al., 2008). During these investigations, fortifications, including walls, round towers, gates, and a walled citadel, as well as ceramic production quarters were uncovered (Gubaev et al., 1998; Salvatori and Gundogdiyev, 2005; Salvatori et al., 2008). The site location, the division/organization of space within and outside the tepe, and analysis of pottery were used to suggest a possible administrative role for Togolok 1 (Salvatori and Gundogdiyev, 2005). This evidence allowed archaeologists to identify Togolok’s archeological complex as one of the largest BMAC (i.e., GKC) proto-urban sites in the entire region [with respect to Smith’s (2017) archeological urban attributes list; Salvatori, 2004, 2008a,b]. In 2005, one small-scale test trench (10 × 10 m) was excavated in Tepe 1, in an effort, to identify a site that was long lived (i.e., ideally incorporating the entire Bronze Age sequence) to allow archeologists to better understand the chronology in the Murghab (Salvatori and Gundogdiyev, 2005). This sub-surface test was positioned west of Sarianidi’s pit in the southeast area of the tepe. Beyond these initial test trenches, Tepe 1 has not been extensively excavated.
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FIGURE 2
(A) Map of Togolok 1 showing: (1) Tepe 1, (2) Tepe 2, and the location of TAP’s excavation units. Map created with QGIS using World Imagery Basemap, Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. (B) Overview of Trenches 1A and 1B, photo courtesy of TAP. (C) Grid overlay of Trenches 1A and 1B showing the squares where archaeobotanical samples were collected.


More recently, the TAP – Togolok Archeological Project, directed by B. Cerasetti, has completed a series of small-scale test excavations on Tepe 1 during the field seasons of 2014, 2015, and 2018 (Cerasetti et al. in press a, 2019, in press b). These investigations were composed of a series of trenches (Trench 1A: 5 × 5 m; Trench 1B: 5 × 5 m; Trench 1C: 2 × 6 m) dug near the center of the mound. In Trench 1A, the excavators found dark deposits that contained carbonized seeds, dung, wood charcoal, faunal skeletal material, remnants of wattle and daub, and several postholes together with artificial platforms (which may suggest the presence of a temporary structure). Based on these findings, the context was interpreted as a possible animal enclosure (Cerasetti et al., in press b). Fireplaces, storage pits, artificial platforms, and a few artifacts (e.g., a terracotta figurine, spindle whorls, stone instruments, etc.) were mainly unearthed from the adjacent Trench 1B, that has been interpreted as a domestic context (Cerasetti et al., in press b). Trench 1C, dug into the western area of the initial excavation (Trench 1A), has been interpreted as a refuse deposit. Composed of alternating sediment layers and widespread charcoal, this trench contained several artifacts (e.g., a flint arrow point, pottery disks, spindle whorls, zoomorphic and anthropomorphic figurines, etc.), carbonized seeds, faunal skeletal material, and evidence for artificial platforms and a fireplace (Cerasetti et al., in press a).



Materials and methods


Sampling and flotation

The archaeobotanical assemblage from the 2014 field season was collected from Trenches 1A and 1B (Figure 2). Soil samples were selected from stratigraphic units with the greatest likelihood of recovery of botanical remains (e.g., dark organic layers) and processed using the bucket flotation technique (Watson, 1976; Fritz, 2005; Pearsall, 2015) on site by the TAP team. To separate archaeobotanical material for analysis, each sediment sample was weighed in grams and then poured into a bucket with clean water. This mixture was then stirred, which resulted in lighter organic material floating to the top and heavier material remaining on the bottom. After the mixture was sufficiently agitated, the organic material that floated to the surface was poured through 1.00 and 0.355 mm geological sieves consecutively. This process was repeated several times, adding more water as needed, until no more organic material floated. The material that had been collected in the sieves was then allowed to dry in the shade and packaged for analysis as light fraction. The material that remained on the bottom of the bucket was discarded (i.e., no heavy fraction was collected). In addition to the flotation samples, handpicked samples were also taken by excavators when they found particularly rich deposits of carbonized seeds during excavation. These samples were sent to the lab in labeled film cannisters.



Archaeobotanical analysis

Initial analysis of the archaeobotanical assemblage was conducted by M. Carra at Bologna University (Cerasetti et al., in press b). M. Carra completed the analysis of 15 samples in this preliminary study. In 2019, these and the remaining unprocessed samples were sent to T. Billings to be analyzed under the supervision of R. Spengler at the Max Planck Institute for Geoanthropology (formally Max Planck Institute for the Science of Human History) Paleoethnobotany Laboratory.

To sort the light fraction, the samples were systematically separated using a series of sieves (2.0, 1.4, 1.0, and 0.5 mm). Hand-picked samples were also separated using 2.0 mm and 0.50 mm sieves. The assemblage also contained samples of posthole fill that had not been floated. To allow for the broadest survey of the material, these were included in the analysis and were separated following the same method as light fraction. All identifiable plant remains were then carefully divided into categories (e.g., seeds, other plant parts, wood, dung, uncarbonized material, ceramic, and bones) and identified using a Leica Light Microscope. Identifications were made using comparative material and flora guides for the region [e.g., Flora of Turkmenia (Fedtschenko et al., 1932), Digital Atlas of Economic Plants in Archeology (Neef et al., 2012), Manual of Vascular Plants of Turkmenistan (Nikitin and Geldykhanov, 1988)]. For sieve sizes over 2.0 mm all carbonized seeds and other plant material, including rachises, culm nodes, and Alhagi sp. leaves, were separated and counted. For sieve sizes under 2.0 mm, all carbonized seeds were collected. Alhagi sp. leaves were collected from material above 1.4 mm, while rachis and Cerealia were collected from material above 1.0 mm. Material from the 0.5 mm sieve was scanned for botanical remains but in general, broken unidentifiable material was not collected. The length, width, and thickness of intact barley, wheat, and lentils were measured using a Keyence digital microscope and recorded for morphometric comparison. Samples from the initial analysis by M. Carra were re-analyzed to uniform nomenclature and included in this study. The archaeobotanical assemblage was cataloged and repackaged for long term storage. A digital archive containing at least one representative photo of each species from this assemblage will be made available as part of the Fruits of Eurasia: Dispersal and Domestication (FEDD) project2.

Counts were performed using the following system: one whole specimen equals one individual count, two half specimens of the same species equal one individual count, four fragments of the same species equal one individual count. These numbers were rounded up to nearest whole number for minimum number of individual (MNI) counts. The assemblage was examined to assess if this method of counting would be appropriate for each category. All domesticated grains and pulses, as well as wild seeds were counted in this way. Each rachis internode was counted as an individual. The cerealia were highly fragmented and was instead counted as individual fragments and not included in total counts. Unidentifiable fragments were also treated in this manner. The final table of absolute species counts was separated into three sub-tables based on sample recovery type (LF- light fraction, NP- posthole fill, HP- handpicked). Ubiquity and abundance measurements were not calculated for the assemblage because of complications with cross comparison and subsequent small sample sizes. Given the exploratory nature of this initial archaeobotanical study, however, the presence/absence of plant species offers a wealth of information concerning plant use and environment.



Radiocarbon dating

To temporally place the excavation at Togolok 1, charred grains of barley, wheat, and peas, corresponding to targeted stratigraphic layers in Trenches 1A and 1B, were sent for Accelerator Mass Spectrometry (AMS) dating (Figure 3). The seeds chosen were domesticated crops and thus provide direct evidence for the timing of their use. Together these 12 AMS dates (Figure 3) situate the broader archeological context of the excavation within the transition from the 3rd to the 2nd millennium B.C. More specifically, two barley grains taken from Trench 1A, SU# 127, SQ G2 and SU#127, SQ F4 provided dates for the 2014 field season botanical assemblage analyzed here (Figure 3). In addition to these two samples, one broomcorn millet (Panicum miliaceum) grain also recovered from Trench 1A, SU# 127, SQ G2 was sent for AMS dating (Figure 3).


[image: image]

FIGURE 3
Accelerator mass spectrometry (AMS) radiocarbon dates from Togolok 1 (Cerasetti et al., in press a, in press b). Specific context from given as (trench, stratigraphic unit [SU], square). Graph adapted from OxCal v4.4.4 (Bronk Ramsey, 2009) with corresponding dates in last column of table. All dates were calibrated with 95.4% probability unless otherwise noted using IntCal20 (Reimer et al., 2020). Symbol key: ′Dates calibrated with OxCal 3.10 (Bronk Ramsey, 1995, 2001), IntCal13 (Reimer et al., 2013). °Dates calibrated with OxCal 4.3.2, Bronk Ramsey (2009), IntCal13 (Reimer et al., 2020). ..Dates calibrated with OxCal 4.4.2 (Bronk Ramsey, 2009), IntCal20 (Reimer et al., 2013). *Newly reported date from this publication. Codes for labs: CEDAD- CEntro di Fisica applicata, DAtazione e Diagnostica, University of Salento, Italy; SUERC- Scottish Universities Environmental Research Centre Radiocarbon Lab, University of Glasgow, United Kingdom; OS, National Ocean Science AMS Lab, Woods Hole, United States; OxA, Oxford Radiocarbon Accelerator Unit, University of Oxford, United Kingdom.





Results

A total of 24,333 carbonized botanical remains (including seeds, floral and vegetative remains, nutshell, grain parts, and unidentifiable fragments) were recovered from 52 samples. The absolute counts of the major food crops and other species of interest are presented in Table 1. A complete table of absolute counts for all species can be found in Supplementary Table 1.


TABLE 1    Summary of total counts for the assemblage separated by sample collection type (LF, light fraction; NF, not floated, fill from postholes; HP, not floated, handpicked).
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Major food crops found in this assemblage include domesticated grains (e.g., Hordeum vulgare, free-threshing wheat, most likely Triticum aestivum, and Panicum miliaceum) and legumes (e.g., Pisum sativum, Lens culinaris, Vicia faba, V. sativa, V. ervilia, and Lathyrus sativus). Evidence for fruits and nuts were also uncovered, including Vitis vinifera, Crataegus sp., Prunus sp., Pyrus/Malus, and nutshell. Several wild seeds were identified in the assemblage, such as wild grasses, pulses, sedges, knotweed, etc. (Supplementary Table 1). Additionally, unidentified charred remains, such as floral buds and a tuber were recovered.

Dung was well represented in 28 of the samples. Wood (fragments >2.00 mm) was slightly less frequent, occurring in 19 samples. In general, where dung was more abundant, there was less wood recovered and vice versa; although, there were exceptions (see SU123, FS#47). In addition to botanical remains and dung pellets, metal slag, terrestrial gastropod shells, fecal material (likely from a rodent), small fragments of ceramics, and fauna skeletal material have been found. Most of the skeletal material is burnt, small, and highly fragmented; however, there were a few exceptions (e.g., intact small bone from SU119, FS#91, and three fish vertebrae from (SU109, FS#92). Only small and light-weight skeletal material was recovered, as larger and heavier bones were removed with the heavy fraction.



Discussion


Domesticated grains

Hordeum vulgare (barley) is the most common domesticated crop present in the assemblage. Both naked and hulled varieties of barley were recovered (hulled, indeterminate, and naked barley n = 2,744; Table 1), as well as barley rachises (n = 3,751; Figure 4). There was considerable variation in shape and size of the grains, some grains were very plump and spherical (e.g., see Supplementary Table 2 and Supplementary Figure 1). In addition, several grains appeared puffed or distorted. For these reasons, only clear examples of hulled or naked barley were placed in these categories. The morphology of the recovered rachises allowed for the identification of six-row barley. Interestingly, three Hordeum vulgare rachises show evidence of fungus growth or barley smut as reported earlier on specimens from Ojakly by Spengler et al. (2014). Barley is relatively more drought and saline/alkaline tolerant than other cereals (Zohary et al., 2012; Riehl, 2019), which may account for its prevalence in the assemblage.
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FIGURE 4
Domesticated grains present in the assemblage: (A) Hordeum vulgare var. vulgare, (B) H. vulgare var. vulgare with glume attached, (C) H. vulgare var. nudum, (D) Triticum aestivum, (E,F) T. aestivum (highly compact variety), (G) Panicum miliaceum, (H) six-row barley rachis, (I) free-threshing wheat rachis, (J) barley rachis internodes, and (K) free-threshing wheat rachis internodes.


Triticum aestivum (free-threshing wheat; n = 581) and several well-preserved hexaploid wheat rachises (n = 406) represent the second most common cereal crop recovered (Figure 4). These wheat grains also express considerable morphological variation (Supplementary Table 2 and Supplementary Figure 1). No attempt was made to systematically categorize specific varieties; however, a few examples of highly compact wheat have also been found (Figure 4). This wheat is plump and spherical in form. In publications with similar specimens, this wheat has been referred to as T. aestivum spp. sphaerococcum, T. compactum, or compact/highly compact wheat and has been found throughout Central Asia [e.g., Kazakhstan- Begash (Frachetti et al., 2010; Spengler, 2013), Tabas (Spengler, 2013); Kyrgyzstan- Aigyrzhal-2 (Matuzeviciute et al., 2017); Turkmenistan- Anau South (Miller, 1999, 2003), Chopantam (Spengler et al., 2014), Gonur North (Moore et al., 1994; Miller, 1999), Ojakly (Spengler et al., 2014)] and at Indus/Harappan-type sites in Pakistan [e.g., Mehrgarh (Costantini, 1984; Tengberg, 1999)] and Afghanistan, [e.g., Shortugai (Willcox, 1991; Spengler and Willcox, 2013)]. It has been suggested that T. aestivum spp. sphaerococcum is relatively drought tolerant (e.g., Percival, 1921; Ellerton, 1939; Singh, 1946). If the compact wheat variety at Togolok 1 represents the same variety then it may have shared similar characteristics. Interestingly, this wheat variety was not identified at Adji Kui 1 (Spengler et al., 2018). The plump and spherical nature of both barley and wheat grains in the assemblage, however, raises questions about the effect of local growing conditions (e.g., aridity, access to water) on the morphology of grain seeds. A consideration already highlighted by Miller (1999) and further built upon by others (e.g., Spengler, 2015; Matuzeviciute et al., 2021).

High-yielding free-threshing bread wheats are in general easier to process than glume wheats. Wheat typically needs more water than other cereals, however, the relative amount depends heavily on the variety. Considering the crop requirements of wheat and barley and the seasonal climate in the Murghab, they may have been planted together in early Fall and harvested in late Spring. Examples of Aegilops sp. spikelet bases (n = 162) and seeds (n = 29; Figure 4) were identified. Aegilops is a wild ancestor of hexaploid bread wheat (Zohary et al., 2012, p. 24). Togolok 1 is located within the natural distribution of Aegilops tauschii (Zohary et al., 2012, see map page 46). This plant likely grew as a weed around the site in the wheat and barley fields, and subsequently was collected during cereal harvests. A possibility which is supported by the intermediate flowering times reported for its species across its range (Kihara et al., 1965; Matsuoka et al., 2008).

Panicum miliaceum (broomcorn millet; n = 15; Figure 4), while present, was not abundant in the assemblage. When millet was identified in a sample, only one or two grains were recovered, apart from SU#108, SQ H3, which had four millet grains. Support for our identification of these specimens as millet comes from the δ13C isotope value of –10.69 per mil, reported in Figure 3, which falls within the C4 plant range. The millet grains from this assemblage are quite large (e.g., 1.54 × 1.61 × 1.08 mm, height × width × thickness), comparable to known modern cultivated varieties, suggesting they are not a wild relative. Miller et al. (2016) identified millet as a fast-growing, low-investment crop, with minimal water requirements used to mitigate risk. These qualities may have made it an attractive low-risk option for Togolok 1’s population, given the ecological conditions in the Murghab. The small amount of recovered millet, however, makes it difficult to clarify its role in the economy.



Legumes

Large numbers of Pisum sativum (common peas; n = 693), Lens culinaris (lentils; n = 1,667), and Lathyrus sativus (grass peas; n = 354) were recovered from the samples (Figure 5 and Table 1). In much smaller numbers, Vicia cf. sativa (common vetch; n = 131), V. faba (fava beans; n = 36), cf. V. ervilia (bitter vetch; n = 6), and cf. Cicer arietinum (chickpeas; n = 5) have also been identified (Figure 5 and Table 1). It was often difficult to differentiate between common peas and vetch because many of their seed coats have not survived and/or their shape was distorted lending to them appearing morphologically similar. Common peas and vetch were positively identified only if they had general morphological integrity and their hilum was intact. If both criteria were not met, specimens matching general morphology of the two were placed in a Pisum sativum/Vicia cf. sativa category (n = 1,029).
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FIGURE 5
Selection of pulses/legumes present in the assemblage: (A) Pisum sativum, (B) Vicia cf. sativa, (C) Lens culinaris, (D) cf. V. ervilia, (E) Lathyrus sativus, (F) cf. Cicer arietinum, and (G) V. faba.


The Turkmen piedmont is within the natural distribution of the wild progenitor of lentils, Lens culinaris ssp. orientalis (Zohary et al., 2012, pp. 78–79), the average size of the lentils in our assemblage (3.60 × 3.62 × 2.09 mm, diameter 1 × diameter 2 × thickness; Supplementary Table 2 and Supplementary Figure 1) suggest domesticated forms. Lentils are more drought tolerant than other legumes and are often grown in semi-arid environments. They generally require a minimum of 250 mm of annual precipitation (Cash et al., 2001; Pavek and McGee, 2016), and are also relatively tolerant of saline and alkaline soils (Muehlbauer et al., 2002; Pavek and McGee, 2016). Common vetch has also been shown to be relatively drought tolerant (see study by Tenopala et al., 2012). Grass peas, likewise, are able to grow in arid conditions with poor soil (Zohary et al., 2012) and are sometimes considered a survival food. Although, grass peas contain toxins, and require further processing (i.e., boiling) before consumption. These arid-land-adapted characteristics may account for the abundance of these species in the assemblage.

Whereas water requirements of over 355 mm of annual precipitation (Tulbek et al., 2017) suggest some form of irrigation was probably necessary for the cultivation of common peas at Togolok 1. Although, it should be noted that no definitively identified irrigation systems have been uncovered at Togolok 1 to date (Cerasetti et al., in press a). This, however, does not mean that the natural water courses were not managed. A few terracotta pipes have been identified at Gonur North (Sarianidi and Dubova, 2012), Togolok 1, and Togolok 21 (Hiebert, 1994). It has been suggested that these pipes (created by a series of interconnected terracotta conical tubes) were used to fill the pools found at the palace-temple complex and also as part of the drainage system of the palace at Gonur North (Sarianidi and Puschnigg, 2002; Sarianidi and Dubova, 2012). No water basins or artificial canal like those found at Gonur (Sataev, 2008; Sarianidi and Dubova, 2012), however, have been uncovered at Togolok 1 (Cerasetti et al., in press a).

Legumes are rich in protein and soluble fiber (Edde, 2022). Their ability to fix nitrogen and solubilize phosphates allows for an increase in overall soil nutrient levels and thus are valuable parts of multi-cropping systems (Singh et al., 1997; Edde, 2022). Spengler et al. (2014) has suggested that legumes need not have been grown in large, irrigated fields but instead could have been grown in small, hand watered, non-irrigated garden plots. The tentative nature and low numbers of fava beans, bitter vetch, and chickpeas complicate interpretations of their use. Ongoing archaeobotanical studies at the site will hopefully clarify their role in the future.



Fruits and nuts

The several large Prunus pits (i.e., whole, half, or large fragments; n = 23; Figure 6), from Togolok 1, appear to be from a wild relative of the plum, as their morphology suggests that they are too small and round to be apricots. Similar pits have been found at Adji Kui 1 (Spengler et al., 2018). Wild plum relatives are native to the region (e.g., greengages in Iran). The shape of the pits suggests these specimens may be related to Prunus insititia. The nutshell fragments (n = 20) found in the assemblage can be divided into two categories: those that likely represent fragments of the Prunus pits and those that are unidentified, and relatively thinner than the other category. A small number of Vitis vinifera (grape; n = 8) pips have been identified in the assemblage (Figure 6). Interestingly, we also found one example of a raisin. The considerable variation in grape pips among cultivars and distortion often caused by charring complicates criteria for identifying domestication (Miller, 2008; Ucchesu et al., 2016). While wild grapes grow along rivers in the western piedmont of Turkmenistan, as well as in the valleys of the Kopet Dag (Harris et al., 1993; Zohary et al., 2012), the Murghab lies outside of their proposed natural range. Nine cf. Malus/Pyrus (apple or pear; Figure 6) seeds were also recovered. It is not possible to definitively identify them to species based on charred archaeobotanical material alone. Sataev and Sataeva (2014) have reported apple remains from the nearby contemporaneous site of Gonur depe. Wild apples, pears, plums, hackberries, and nut trees grow in the woodlands of the Kopet Dag valleys (Harris et al., 1993). Thus, the specimens from Togolok 1, could have been cultivated, foraged, or acquired through trade.
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FIGURE 6
Examples of fruit seed remains found in the assemblage: (A) Malus/Pyrus sp., (B,C) Vitis vinifera, and (D,E) Prunus sp.


One segmented bulb from cf. Allium (garlic) was tentatively identified (Figure 7). The recovery of Allium species in the archaeobotanical record is rare, especially in charred form, likely due to the ways the bulbs could become incorporated into the archeological record, ultimately, leading to biases in preservation. Allium bulbs are high in moisture, which contributes to rapid degradation after they have been discarded (Kubiak-Martens, 2002). In addition, charring usually destroys the fragile plant tissue or only leaves amorphous residue behind complicating morphological identification (Sarpaki, 2021), as a result, Allium species are usually found only in desiccated form (e.g., the onion and garlic bulbs presented in van der Veen, 2007).
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FIGURE 7
Specimen identified as cf. Allium sp.


Leeks and onions are either grown from seeds or bulbs, and most garlic varieties are grown through vegetative propagation which has led to several sterile cultivars, making the identification of its wild progenitor difficult (Zohary et al., 2012). A. longicuspis has been posited as a potential ancestor of many of the current cultivars given its morphological and molecular similarity (Stearn, 1978), although the matter remains unresolved. Sarpaki (2021, p. 432) suggests that Central Asia, eastern Turkey, and Iran represent “the main center of garlic diversity” because geographically they encompass the natural range of A. longicuspis, as well as several other species including A. tuncelianum, A. macrochaetum, and A. truncatum (Ipek et al., 2008; Zohary et al., 2012).



Seeds of wild herbaceous plants, wood charcoal, and dung

Seeds from several wild plant species have been recovered from the samples (Figure 8 and Supplementary Table 1). The most abundant species include two different varieties of Alhagi sp. (camel thorn), Galium, Convolvulaceae, and small wild Fabaceae (including Trigonella). A floral bud, from the Asteraceae family was also prevalent in the assemblage. Some scholars have suggested that large amounts of wild seeds may correspond to dung being burned as fuel (Miller and Smart, 1984; Miller, 1996, 2013; Spengler, 2018). Dung is a major source of fuel in Central Asia and other arid environments where wood is scarce. However, large amounts of seeds could end up in the fire for a variety of reasons (e.g., cereal processing or burning brush; Miller and Smart, 1984; Miller, 1996; van der Veen, 2007). Dung is prevalent in the assemblage from Togolok 1, although wood charcoal is also present. The morphology of most of the dung pellets suggest they belong to either sheep or goat. Twenty-nine examples of seeds, including both domesticated and wild seeds, were found embedded inside dung pieces (e.g., Figure 9). Miller (1993) also reported seeds from wild (i.e., Rumex and cf. Alhagi) and possible domesticated (i.e., Triticum sp.) plants embedded in dung recovered at Gonur North. The wild seeds embedded in the dung may suggest that animals were pastured in non-agricultural fields for at least some of the time. The domesticated grains found in the dung may also suggest that the animals were being foddered with straw or crop chaff or allowed to pasture in fallow agricultural fields. Modern experimental studies focused on the survival of seeds after undergoing digestion have demonstrated that certain plant species do remain intact. They found, however, that this varies by animal species and individual (Atkeson et al., 1934; Harmon and Keim, 1934; Burton and Andrews, 1948; Takabayashi et al., 1979; Miller and Smart, 1984; Gardener et al., 1993; Anderson and Ertug-Yaras, 1996; Valamoti and Charles, 2005; Valamoti, 2013). Wild seeds tend to survive more because they often have a harder seed coat (e.g., Convolvulus arvensis and Amaranthus lividus), but these studies have also found intact wheat and barley.
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FIGURE 8
Selection of wild seeds present in the assemblage: (A) Alhagi sp. seed and pod, (B) Aegilops sp. spikelet, (C) Xanthium fruit, (D) Galium, (E) Medicago/Melilotus, (F) Trigonella, (G) Potentilla/Fragaria, (H) Chenopodium, (I) Cyperaceae, (J) Rumex, (K) Thymelaea, (L) Veronica, (M) unknown fruit with close up of seeds, and (N) Asteraceae floral buds with involucral bracts.
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FIGURE 9
Three examples of sheep/goat dung with an embedded seed: (A–C) present two views of each specimen.


Wild seeds can also offer clues to the paleoenvironment or past land use. Camel thorn is an arid-adapted plant that grows in saline soil and disturbed areas, such as channel margins, making it a good indication of desert edges or semi-arid regions (Harris et al., 1993). Other species in the assemblage are common in arid grasslands or semi-dry (but not desert) areas. In addition to botanical remains, subsistence information may be gleaned from the faunal material uncovered in the samples. Three fish vertebrae were uncovered in the assemblage (Figure 10). Fish vertebrae, identified as Nemacheilidae Paracobitis sp., were also found at Adji Kui 1 (Spengler et al., 2018). Understanding how fish from small streams may have played a role in subsistence of the local community holds potential for future study.
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FIGURE 10
Three fish vertebrae recovered from SU109: (A–C) present a top and side view of each specimen.




Integrating archaeobotanical and zooarchaeological evidence

Fish vertebrae found in the assemblage point to other potential food sources. Previously reported zooarchaeological evidence from Togolok 1 suggests that domesticated animals included sheep, goats, cattle, pigs, and a dog (Cerasetti et al., in press a,b). Cattle and pig are suggestive of a sedentary context. This preliminary analysis also suggests that people, to a lesser extent, made use of wild resources (e.g., gazelles, foxes, and leprids; Cerasetti et al., in press a). Together, the archaeobotanical and zooarchaeological evidence provide a more holistic understanding of the food economy of the local population at Tologok 1 and suggest a mixed agropastoral system. Similar floral and faunal remains have been found at Gonur North and Adji Kui 1, which may suggest that people practiced similar economic strategies at these three proto-urbansites. Togolok’s mixed agropastoral system also offers an association between the vast GKC sites and the pastoral settlements in the broader region (Luneau, 2017; Rouse, 2020; Cerasetti, 2021; Cerasetti et al., in press a).



Wider regional context

The assemblage from Togolok 1 is comparable to other contemporaneous sites in the Murghab River alluvial fan and southern Central Asia more broadly. Both naked and hulled barley (especially the six-row variety), as well as, free-threshing wheat, and broomcorn millet have been uncovered from previously reported 2nd millennium B.C. contexts in the Murghab (Table 2). Six-row barley has been described from 2nd millennium B.C. contexts at Anau South, Djarkutan, and Shortugai. This variety of barley appears to have a long history in Turkmenistan given its presence at Djeitun (Harris et al., 1993; Harris, 2010). Free-threshing wheat has also been recovered from Anau South, Djarkutan, and Shortugai. Conversely, free-threshing wheat has not been found at the later 2nd -1st millennia B.C. site of Takhirbai-depe (Nesbitt, 1994) which may be suggestive of deteriorating environmental conditions in the Murghab region at that time although socio-cultural influence should not be discounted. The absence of bread wheat, however, could also be a product of the small sampling size.


TABLE 2    Presence/absence of key economic species from second millennium B.C. contexts at archaeological sites in Turkmenistan, Uzbekistan, and northern Afghanistan.
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The direct AMS date on millet from Togolok 1 (2197–1983 cal B.C.; calibrated to 95.4% probability using OxCal 4.4 IntCal 20; Figure 3) is comparable to the oldest date for millet in the region, from Adji Kui 1, 3708 ± 45 uncal yr BP [2276–1956 cal B.C. calibrated to 95.4% probability using OxCal 4.4 IntCal 20 (Bronk Ramsey, 2009; Cerasetti et al., 2018; Spengler et al., 2018; Reimer et al., 2020)]. Broomcorn millet was also recovered from Gonur North, Shortughai, Ojakly, and the Chopantam sites. A few grains of either Panicum or Setaria sp. were identified at Djarkutan, but cultivation could not be confirmed (Miller, 1999). The limited samples taken from Takhibai-depe (Nesbitt, 1994) produced one millet grain. In addition to macroremains, impressions found inside vessels at Gonur South and Togolok 21 were tentatively identified as broomcorn millet by Bakels (2003; cf. Meyer-Melikyan, 1998; Meyer-Melikyan and Avetov, 1998). Nesbitt and Summers (1988) have demonstrated the widespread presence of millet in the surrounding regions during the Iron Age, yet we know relatively little about millet consumption in the Murghab between its initial appearance and later periods. Legumes are well represented among the sites in the Murghab, with settlement sites showing the greatest diversity in legume taxa.

Grapes were found at both Togolok 1 and Gonur North in the Murghab, as well as from 2nd millennium B.C. contexts at Anau South, Djarkutan, and Shortughai. Grape pips have also been recovered from earlier Iranian sites, [e.g., Hissar (4th millennium B.C. levels; Miller, 1991) and Shahr-i Sokhta (3rd millennium B.C.; Costantini, 1977; Miller, 1991)], as well as Indus sites [e.g., Mehrgarh and Nausharo (3200–1500 B.C.; Costantini, 1984, 1990; Bates, 2019; cf. discussion in Bates, 2022)]. Less common species for 2nd millennium B.C. contexts, include chickpea, fava bean, bitter vetch, apple or pear, hawthorn, pistachio, and flax seed. Whereas emmer and einkorn and the oil seed crop Lallemantia, have only been found at Gonur North and Adji Kui 1, respectively.

The Togolok 1 assemblage most closely aligns with Gonur North and Adji Kui 1. This is expected as all three sites are settlements situated within the Murghab River alluvial fan. Interestingly, Togolok 1 also shares several key economic species with the mobile-pastoral site of Chopantam (Cattani, 2008a; Rouse and Cerasetti, 2018). Conversely, the mobile-pastoral site of Ojakly (Rouse and Cerasetti, 2014, 2018), located to the north-east of Gonur North in open pasturelands, is the most unlike the Togolok 1 assemblage. This difference may be related to biases in preservation caused by wind ablation at the Ojakly site. Building on previous research concerning the interaction between settled and mobile populations in the area (Hiebert and Moore, 2004; Cattani, 2008a,b; Cerasetti et al., 2018, 2019, in press a,b), we hope that ongoing research will provide a clearer picture of these economic relationships in the future.




Conclusion

Domesticated grains (i.e., hulled/naked barley, free-threshing wheat, and millet), various legumes, and fruits, as well as several wild species of herbaceous plants have been identified in the 2014 archaeobotanical assemblage from Togolok 1. Crop processing on site is evidenced by the numerous remains of barley and wheat rachises, and culm nodes (i.e., straw). Millet, a low-investment, fast growing, drought-resistant crop, may have been adopted to mitigate risks associated with the shifting aridity at the beginning of the 2nd millennium B.C. Millet may also have been used for smaller scale production by pastoralists (Spengler et al., 2018). Given the small numbers of millet grains recovered, its precise role in the economy remains to be clarified. While most of the legumes present in the assemblage can grow in arid environments, these crops, along with peas and free-threshing wheat generally require more water than the Murghab’s modern estimated annual precipitation of 100–130 mm. There may have been more available water in the past in the Murghab (Cremaschi, 1998); however, the region would have still been relatively semi-arid/arid (Cerasetti et al., in press a). As discussed in the environmental section above, crop production depended heavily on local contexts. The different growth seasons and water/nutrient requirements of these plants would have required careful planning concerning the timing and location of crop planting, as well as some form of management of local water resources. Whether this took the form of irrigation networks, remains to be determined, but is likely. It is possible that the inhabitants of Togolok 1 took advantage of secondary river channels to cultivate fields, similar to those found at the latter site of Takhirbai-depe, as suggested by Cerasetti et al. (in press a; Cattani and Salvatori, 2008). If legumes were irrigated in large fields, they may have been part of a crop-rotation system, which allowed farmers to promote soil health. Alternatively, if legumes were grown in garden plots, they could have been watered by hand. A combination of both strategies, of course, would also have been possible. More work at the site is necessary to elucidate the answers to these questions. While we focused on agriculture at Togolok 1, increasing evidence suggests that the inhabitants made use of sheep, goats, pigs, cattle, and to a lesser extent wild animals. A mixed agropastoral economy and the diversification of plant use may have been in response to changing ecological conditions during the late 3rd-early 2nd millennia B.C. on an already dynamic landscape. This system would allow Togolok 1’s inhabitants to engage with available ecotones between the desert and the alluvial fan. They may also have made use of the mountain foothills through trade.

This initial study, while limited in overall context, allows us to delve deeper into understanding the economies of these proto-urban settlements during a time of important cultural transformation (2200–1500 B.C.). Ongoing investigations at Togolok 1 by the TAP team will clarify more about the dietary choices, the unique human/landscape interactions, and the potential adoption of crop species in local contexts.
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Footnotes

1     For a more detailed discussion of these transitions among different regions within the proposed GKC geographic range, see Luneau (2018, 2021).

2     https://robertnspengler.com/fruits-of-eurasia-domestication-and-dispersal-fedd/
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South America is a megadiverse continent that witnessed the domestication, translocation and cultivation of various plant species from seemingly contrasting ecosystems. It was the recipient and supplier of crops brought to and from Mesoamerica (such as maize and cacao, respectively), and Polynesia to where the key staple crop sweet potato was exported. Not every instance of the trans-ecological expansion of cultivated plants (both domesticated and wild), however, resulted in successful farming. Here, we review the transregional circulation and introduction of five food tropical crops originated in the tropical and humid valleys of the eastern Andes—achira, cassava, ahipa, sweet potato, and pacay—to the hyper-arid coastal valleys of the Atacama Desert of northern Chile, where they have been found in early archeological sites. By means of an evaluation of the contexts of their deposition and supported by direct radiocarbon dating, stable isotopes analyses, and starch grain analysis, we evaluate different hypotheses for explaining their introduction and adaptation to the hyper-arid soils of northern Chile, by societal groups that after the introduction of cultigens still retained a strong dependence on marine hunting, gathering and fishing ways of life based on wide variety of marine coast resources. Many of the studied plants were part of a broader package of introduced goods and technological devices and procedures, linked to food, therapeutic medicine, social and ritual purposes that transformed previous hunter-gatherer social, economic, and ideological institutions. Based on archeological data, we discuss some of the possible socio-ecological processes involved in the development of agricultural landscapes including the adoption of tropical crops originated several hundred kilometers away from the Atacama Desert during the Late Holocene.
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Introduction

Archeological research into the processes of early food production, adoption of agriculture, translocation and cultivation of wild plants and subsequent socio-ecological transformations have been redefined on a global scale by a greater appreciation of the complexity of niche construction and other evolutionary processes involved and the agency that different organisms and organizations contributed to these dynamic interactions (Larson et al., 2014; Bogaard et al., 2021). In tandem, increasingly detailed studies of artifacts and ecofacts recovered from archeological sites are allowing ever more detailed information about the dynamic and multifaceted pathways associated with the morphological, genetic, and physiological changes involved in domestication and the dispersion of domesticates (Iriarte et al., 2020; Allaby et al., 2022). South America with its complex biogeography, natural and cultural history provides a myriad of comparative case studies to discuss how domestication processes developed, following varying trajectories of change and transformation (Piperno and Pearsall, 1998; Clement et al., 2010).

A particularly interesting problem is how numerous plants evolved in the humid conditions of the tropical Amazon Basin were successfully cultivated and spread to multiple environments including the hyper-aridity prevalent in much of the Pacific coast of western South America. Indeed, the ecological conditions of both regions not only affected these processes but also the conservation of the archeological evidence available to document them (Pearsall, 2008; Iriarte, 2009). Unlike the Amazon, where archaeobotanical remains are scarce and often limited to microremains (such as phytoliths, pollen, and starch grains), the Pacific coast’s extreme aridity often allows the preservation of macroremains (including desiccated fruits, seeds, wood, roots, tubers, and even whole plants), allowing a direct source of data to better investigate and solve questions related to the spread and adoption of cultigens domesticated elsewhere in the continent.

The Atacama Desert comprises the southern section of the Chilean-Peruvian coastal desert (ca. 5° S to 26° S) and extends as a longitudinal strip between the Pacific Ocean and the Andes, from Arica in the north (ca. 18° 20′ S) to Copiapó in the south (ca. 27° S) (Pinto et al., 2006). What sets the Atacama Desert apart from other deserts around the world is its extreme aridity, given by the total absence of rainfall from the coast up to ca. 2,000 m above sea level (asl) along with its particular location next to the Pacific Ocean, one of the most productive and biodiverse marine biomes of the planet. In terms of climate, coastal desert conditions predominate with abundant cloud cover, absence of frost, moderate winds, high relative humidity and high direct solar radiation throughout the year (González Vallejos et al., 2013). Increased agricultural and urban expansion has transformed the modern hydrology of the valleys of northern Chile, such as Lluta, Azapa, Chaca, and Camarones, but during Pre-Columbian times, the water available for irrigation and human consumption came from seasonal runoff from the highlands as well as surface runoff, emerging from various springs, such as those of San Miguel and Las Maytas in the Azapa valley, where many archeological sites are concentrated.

The exoreic valleys of the extreme north of Chile were inhabited by human groups since ca. 13,000 cal BP (Santoro et al., 2017). During the Middle Holocene, communities of hunters, gatherers, and fishermen, known archeologically as Chinchorro, developed a coastal way of life and human mummification practices that persisted for millennia. Starting ca. 4,000 years ago, during the Archaic/Formative transition, important changes are noted in the archeological record, including the abandonment of most mummification practices as well as the gradual adoption of new technologies such as cultivated foods and a shift in a settlement pattern from the coast toward the alluvial plains flanking the Azapa, Camarones, Chaca and other valleys (Muñoz Ovalle, 2004; Núñez and Santoro, 2011). During the Formative Period and into the Middle Horizon, increased population size and social complexity manifested in the progressive growth of the number and size of settlements and cemeteries along the coast and valleys (Uribe et al., 2020). Toward the beginning of the first millenium of our era, during the Late Intermediate Period, the archeological record shows the development of regional polities but with a shared cultural background, who intensively occupied the coast, valleys, foothills and highlands toward the east (Muñoz et al., 2016). These societies relied on a mixed agro-maritime subsistence, greater agricultural intensification with cultivation of crops on terraces and the assistance of technical irrigation, increased interregional interaction, and the development of artisanal technologies (ceramics, textiles, wood, bone, gourds, vegetable fiber, etc.) (Núñez, 1974; Rothhammer and Santoro, 2001; Valenzuela et al., 2015). While these societies were readily subjugated by the Inka and later by the Spanish, despite the transformations and the adoption of new technologies, their basic subsistence rested mainly on the exploitation of the rich Pacific Ocean maritime resources complemented by irrigation farming of a diverse range of introduced cultigens (Horta Tricallotis, 2010). Furthermore, considering the extremely good preservation conditions for plant remains offered by the Atacama Desert, its archeological record offers unique opportunities to explore processes such as the effects of novel environments on domesticated species. Therefore, in this paper we focus on five species initially domesticated in the Amazonian tropical forests, cerrado, and grasslands east of the Andes, but recovered from archeological contexts from the coast and valleys of the Atacama Desert in northern Chile.


Early food production east and west of the Andes

Recent archeological research suggests plant cultivation in the Americas began during the Early Holocene (10,700–8,200 cal BP) in regions such as Mesoamerica and the southwestern Amazon basin (Piperno and Pearsall, 1998; Clement et al., 2015; Watling et al., 2018; Iriarte et al., 2020; Lombardo et al., 2020). In the following millennia and likely driven by mobile and interconnected foraging and horticultural groups, plants such as cassava, cucurbits, maize and even cacao, progressively became disseminated throughout the Neotropics (Kistler et al., 2018; Watling et al., 2018; Zarrillo et al., 2018). While we still do not know very much about domestication processes in much of the Andean highlands, during the Middle Holocene (8,200–4,200 cal BP), increased socioeconomic engagement with camelids, wild tubers, and chenopods triggered the emergence of agropastoral communities in the central and south-central Andes (Pearsall, 1989; Lane, 2006; Bruno and Hastorf, 2016; Langlie, 2021; Miller et al., 2021). The adoption of agriculture in the Pacific coast seems to have occurred by the end of Middle Holocene and the beginning of the Late Holocene (4,200–0 cal BP), driven by semi-sedentary maritime societies, which benefited from planting cotton used for making fishing nets as well as a range of comestible cultigens (Hastorf, 1999; Dillehay, 2014; Beresford-Jones et al., 2018). These coastal agricultural communities expanded the construction of irrigation networks along with a diversification of resource utilization (Beresford-Jones et al., 2021) coupled with additional investment on significant agricultural infrastructure. Therefore, the adoption of food production in the rivers draining into the Pacific Ocean is often tied to population growth and emergent sociopolitical complexity as manifested in the construction of monumental architecture (Quilter et al., 1991; Shady Solis et al., 2001; Sandweiss et al., 2009). While the development of significant agricultural infrastructure did not occur everywhere, increased engagement with food production had major transformative effects in the entire continent by reshaping ecosystems, altering landscapes, and facilitating scalar human sedentism and demographic growth.

We should emphasize that engagement with food production and domesticated species was a heterogenous non-linear process that was shaped by various factors such as environmental conditions and population dynamics. The process of adopting agriculture in many valleys of the Peruvian central coast seems to have been facilitated by the development of agricultural infrastructure including irrigation canals opened upon extensive alluvial plains of rivers that continuously flow into the Pacific Ocean (Sotomayor Melo and Jiménez Milón, 2008; Beresford-Jones et al., 2015, 2018; Baitzel and Rivera Infante, 2019; Gayo et al., 2020).

In contrast, towards the south where runoff was seasonally constrained and perhaps involved high year-to-year variance, intensified agriculture could not occur within the intermittent river valleys. In the coast and western valleys of northern Chile, semi-sedentary maritime societies with significant social complexity persisted throughout the Holocene, and although they regularly utilized non-food inland resources, engagement with agriculture did not occur until the Late Holocene (Roberts et al., 2013; Standen et al., 2018, 2021; McRostie et al., 2019; García et al., 2020; Ugalde et al., 2021). Starting approximately 3,100 years ago, an emergence of villages, fields and cemeteries, often composed of burial mounds in valleys such as Azapa, Chaca, and Camarones, signals the advent of fully agricultural societies (Focacci and Erices, 1973; Núñez and Santoro, 2011; Muñoz Ovalle, 2012, 2017; Barba et al., 2015; Carter, 2016). During the following centuries, these sedentary communities augmented their engagement with various cultigens including maize, cotton, beans, gourds, squashes, and others. Remains of these plants has been collected thanks to the excellent preservation of organic materials in the hyper-arid ecosystem of the Atacama Desert, and although several scholars have explicitly mentioned the various cultigens found in archeological sites of the region, very few provide specific quantities or comment about the characteristics of the specimens (Vidal et al., 2004; García and Vidal, 2010; García and Uribe, 2012; Ledezma, 2014). For instance, Erices (1975) quantified the number of economically used plants in three cemeteries (Az-6, PML-4, and PML-7) excavated in the Arica coast and Azapa valley (Erices, 1975). Similarly, various reports document the presence of numerous domesticated taxa, but very few provide specific quantities from particular contexts, making any comparisons and quantitative evaluations challenging.

A recent review of plant utilization based on these and similar reports for the entire Atacama Desert concludes that a huge diversity of cultigens were present in the region in Pre-Columbian times, all of which were domesticated elsewhere (Ugalde et al., 2021). In addition, although some of the domesticates such as maize, beans, squash and even quinoa correspond to annual species propagated by seeds, an important portion of the domesticates found in the region are geophytes, which are vegetatively propagated plants that produce edible underground storage. Building on this work and employing a combination of archaeobotanical and archaeometric methods, we focus on a set of five tropical species with the goal of improving our understanding of how agriculture was adopted in the Atacama Desert. Specifically, our study species are achira (Canna indica L.), ahipa (Pachyrhizus sp. Rich. ex. DC), cassava (Manihot esculenta Crantz), sweet potato [Ipomoea batatas (L.) Lamark], and pacay (Inga feuillei DC). Because four of these species were vegetatively propagated (Denham et al., 2020), we are particularly interested in determining if these crops were indeed transplanted and cultivated, or merely transported as consumable goods by means of long-distance exchange networks. We further discuss alternative explanations to understand the socio-economic significance of these geophyte and tree crops for the societies who adopted them and their role in the transformative processes of landscape development in northern Chile during Pre-Columbian times.



The study cultigens


Achira

Achira (Canna indica L.) is a perennial herb from the Cannaceae family that grows up to 3 m tall and produces multiple fleshy stems, leaves, and multibranched eatable rhizomes (Maas-van de Kamer and Maas, 2008). Its leaves are organized alternatively, with very large leaf blades (20–60 cm long and 10–30 cm wide) and an ovate to oblong shape and entire margins (Delin and Kress, 2000). Flowers are bisexual, bright red to apricot yellow, organized in branched clusters (6–20 flowers) in a raceme of cininni (Flores et al., 2003). Fruits are ellipsoid to sub-globose capsules, surrounded by persistent sepals. When capsules are mature, they split up and release several smooth, black, large (5–8 mm long and 4–7 mm wide) and spherical to ovoid seeds with small but distinct cavities. Rhizomes are large, up to 60 cm in length, tuberous, up to 3.5 cm in diameter, and have a fibrosus adventitious root system. Rhizomes are eatable, possess a high starch content (80%), are easy to digest, and are typically cooked boiled or baked (National Research Council, 1989). Its starch can also be extracted to make flour for crackers or noodles. Starch grains are relatively large (10–100 μm), have an oval-shape, eccentric and closed hilum with a smooth surface, and diffuse lamellae (Thitipraphunkul et al., 2003; Pagán-Jiménez et al., 2015). Young shoots are occasionally consumed as a vegetable and seeds are used as beads for making jewelry. Many modern varieties of achira are planted as ornamental flowers commonly known as canna lilies.

Achira’s native distribution extends throughout the Neotropics from Mexico and the Caribbean through the Andes and southward to Brazil and Argentina at elevations between 1,000 and 2,900 m asl. The plant is currently grown through the world tropics and within a variety of environments, in areas with precipitation between 250–4,000 mm and elevations between sea level and 2,900 m asl. C. indica tolerates most types of soils with pH between 4.5 and 8, including heavy soils and tropical latosols. However, it grows better in loose, humid, well-drained and rich soils. The species is generally propagated vegetatively by farmers and stout rhizomes allow the plant to persist in the soil for several years. The domestication of achira likely occurred in the eastern Andes and disseminated quite early through the Peruvian coast (Gade, 1966; Pickersgill and Heiser, 1977). Archeological remains of achira have been recovered from sites in the Peruvian coast dating between 4,200 and 2,200 cal BP including various sites in the Casma valley and the Playa Hermosa Pampa Complex (Bird, 1948; Towle, 1961; Patterson, 1971; Ugent et al., 1984). Starch grains of Canna have been identified in grinding stones dated between 2,800–2,400 cal BP at Real Alto in Ecuador and between 4,100 and 3,200 cal BP at Antofagasta de la Sierra in Argentina (Chandler-Ezell et al., 2006; Babot, 2011). In Chile, the species has been recovered from archeological contexts dating back to the Late Archaic and Formative (Erices, 1975; Santoro, 1980; Muñoz, 1985; García et al., 2014; Agüero and Uribe, 2015; McRostie et al., 2019). In most publications referring to this cultigen archeologically as well as museum collections, the scientific name Canna edulis is used, however, a recent revision of the genus suggests this is a synonymy of C. indica (Maas-van de Kamer and Maas, 2008). Based on recent morphological and genetic revisions, C. indica forms a large complex comprising one subspecies and numerous domesticated and wild varieties widely distributed around the world (Maas-van de Kamer and Maas, 2008; IPNI, 2022).



Ahipa

The genus Pachyrhizus ex. DC from the Fabaceae family comprises five species, two wild (Pachyrhizus panamensis and Pachyrhizus ferrugineus) and three possibly domesticated species. Jicama (Pachyrhizus erosus) was likely domesticated in Mesoamerica, while jiquima or chuin (Pachyrhizus tuberosus) and ahipa (Pachyrhizus ahipa) were domesticated in the eastern Andes of South America (Zeven and Zhukovsky, 1975). The cultivated species are relatively small climbing herbs with long and tuberous roots that can reach up to 30 cm in length and weight up to a kilogram (Cárdenas, 1989). The roots of the cultivated species are round, white inside, have a succulent texture rich in starch, protein, and iron, and can be consumed raw, cooked or as flour (Santayana et al., 2014). Starch granules of Pachyrhizus exhibit an oval and bell-shape, with straight facets, and a closed centric hilum and lamellae as well as central fissures are occasionally present (Piperno, 2006b). Currently, ahipa is cultivated mainly on the eastern slopes of the Andes, between 1,500 and 3,000 m asl, on humid climates such as the eastern mesothermal valleys and on the edge of the rainforest (National Research Council, 1989; Ørting et al., 1996). There are two described varieties of P. ahipa, one characterized by erect plants with high tuber production in southern Bolivia and northern Argentina and another with tangled plants predominantly in northwestern Bolivia (Ørting et al., 1996). Jiquima (P. tuberosus), on the other hand, is currently cultivated in the tropical lowlands from Venezuela to Bolivia. Although historical records suggest that it was widely cultivated in Brazil, Paraguay, and as far north as French Guiana and several Caribbean islands, including Cuba and Puerto Rico (Sørensen et al., 1997). P. tuberosus grows in evergreen and semi-deciduous lowland and premontane forests (up to 1,900 m asl), in humid (total rainfall between 640 and 4,100 mm) and hot (21–27°C) areas (Sørensen et al., 1997).

Recent molecular studies show strong genetic differentiation among the domesticated species (P. ahipa, P. tuberosus, and P. erosus) in the Neotropics (Santayana et al., 2014; Delêtre et al., 2017). An analysis based on chloroplast DNA and nuclear microsatellite markers found a strong molecular differentiation between cultivated P. ahipa and P. tuberosus plants and wild P. tuberosus and P. panamensis plants, suggesting a common, albeit diverse, ancestral population (Delêtre et al., 2017). Additionally, P. ahipa and P. tuberosus seem to have a common origin and therefore potentially reflect independent domestication with P. ahipa suffering a loss of genetic diversity as it was distributed away from its putative center of origin. However, the relationship between all cultivated species, including P. ahipa, is still not entirely clear, and several studies have suggested the importance of carrying out a taxonomic revision of the group (Delêtre et al., 2013, 2017). It is believed that Pachyrhizus was widely cultivated across the central Andes in the past, and plant remains have been reported from the Casma valley of Peru spanning between 1,800 BC and 1,532 AD (Ugent et al., 1986).



Cassava

Cassava (Manihot esculenta Crantz) also known as manioc and yuca, is a perennial shrub with numerous starchy tuberous roots that belongs to the Euphorbiaceae family. It has sympodial branching of variable height and ranging from plants having few slender unbranched, and tall stems (up to 5 m tall) to shorter (1.5 m tall) plants with multiple branched stems. It has simple and glabrous leaves, covered by a waxy cuticle and with a palmate blade that present variable (3–9) number of lobes (Domínguez et al., 1983; Ceballos and de la Cruz, 2012). Racemes include both male and female flowers, which are monecious, apetalus, and present a primary bract and a bracteole. Male flowers contain a single reduced stamen and form inflorescences of ten single stamen flowers, known as cyanthia (Prenner and Rudall, 2007; Perera et al., 2013). Female flowers possess a reduced pistil and a trilocular ovary protected by petaloid bracts and contain a set of trilocular ovoid or globular capsules that contain three seeds with an ovoid-ellipsoidal shape. Both female and male flowers are produced on the same inflorescence, racemes, or panicles, on the same plant, but mature at different times to deter self-pollination. Cassava can outcross but is almost exclusively vegetatively propagated by means of stem cuttings in cultivation (Ramu et al., 2017). Starch grains of cassava have a bell-shape, with rounded facet edges, centric and open or closed hilum, and a y-, wing-shaped or stellate fissure (Piperno, 2006b). Oval-shaped granules, with 5–6 pressure facets and a single pressure facet at a distal section are less common (Pagán-Jiménez et al., 2016).

Cassava is one of the most important staple crops worldwide and is a major source of calories for millions of people living in tropical regions (Howeler et al., 2013). All parts of the plant—including the starchy roots—can be lethally toxic to humans because of high cyanogenic glucoside content. “Sweet” cassava has been selected to be non-toxic and can be eaten boiled or roasted as a vegetable. Most cultivated types are “bitter” cassava, retaining the toxicity and requiring processing by extensive rinsing or boiling, and processed into starch including tapioca. Leaves are occasionally consumed after extensive boiling to detoxify, especially in the northern Amazon region, and have a high protein content (18–22%) (Buitrago, 1990). In contrast to other tropical root crops, cassava tolerates droughts (<400 mm of average annual rainfall) and can grow on acidic and low-nutrient soils as well as in terrains with high phosphorous fixation, erosion, and high aluminum content (Alves and Setter, 2000; Howeler et al., 2013). Domesticated varieties tolerate a broad range of environmental conditions, and produce higher starch yields than wild varieties (Wang et al., 2014).

The species was domesticated from M. esculenta ssp. flabellifolia in the cerrado and the lowland rainforests of the Amazon basin (Allem, 1994, 1999; Olsen and Schaal, 1999, 2001). A more recent phylogenomic study of a large assemblage of cassava varieties confirmed its wild ancestry and identified numerous instances of hybridization with other wild Manihot species, but also suggests that because of the vegetatively propagated nature of its dispersion, a spatial structure to its diffusion may be challenging to map out (Simon et al., 2022). The timing of cassava domestication is uncertain, but cultivated varieties might have reached the Andean Pacific Coast and Mesoamerica by the early Middle Holocene (Isendahl, 2011). Archeologically, Manihot phytoliths are not narrowly diagnostic to the species level for cassava (Chandler-Ezell et al., 2006), but have been recovered from anthropogenic deposits in forest islands distributed in southwestern Amazonia, suggesting cassava cultivation may have started ca. 10,000 years ago (Lombardo et al., 2020). Findings of cassava starch grains and phytoliths have also been documented in a range of Neotropical sites in the Andes and northwestern South America and actual desiccated tubers in various sites in the Peruvian coast as early as the onset of the Late Holocene, ca. 4,000 years ago, suggesting that cassava was widely cultivated during the middle Holocene (Pearsall, 2008; Piperno, 2011).



Sweet potato

Sweet potato [Ipomoea batatas (L.) Lamarck] also known as camote and batata, is an herbaceous perennial vine from the Convolvulaceae family. It produces edible tuberous roots, which are elongated, starchy, sweet tasting and exhibit a diversity of shapes, colors, and textures, depending on the variety. Stems are slender and tend to crawl on the ground, forming adventitious roots that grow a few centimeters above the ground. The plant bears alternate rounded, reniform or cordate leaves, with a palmate venation and tend to twist along the stems (Austin, 1978). Leaves are green or purple depending on the accumulation of anthocyanins along the leaf veins. Cultivars vary in their ability to flower with some producing large amounts of flowers while others none at all. The inflorescence is a biparous cyme, bearing a single or several flowers with a short pedicel (Huamán, 1992). Flowers are bisexual, funnelform, 3–5 cm long, with white to pale violet petals. Fruits are spherical capsules that contain one to four irregular seeds. Starch granules are oval and bel-shaped, with angular and several pressure facets, hilum is centric and occasionally presents a vacuole. Some bell-shaped grains exhibit an eccentric hila and lamellae and sometimes a brownish tinge (Piperno, 2006a; Horrocks et al., 2008).

Sweet potato is a staple food crop in several countries in Africa, Asia, Oceania, and the Americas. Roots are an important source of carbohydrates, vitamins A and C, fiber, iron, potassium, and protein (Woolfe, 1992). The crop is native to the Neotropics, and initial molecular analyses suggested an autopolyploid origin of I. batatas from its putative wild ancestor I. trifida (Huang and Sun, 2000; Srisuwan et al., 2006; Roullier et al., 2013). More recent genetic work suggests the existence of two fairly distinct domesticated lineages possibly evolved in northern South America (Muñoz-Rodríguez et al., 2018). There are presently dozens of sweet potatoes varieties grown across the world and developed to various environmental and soil conditions that range from organically poor and sandy to well-drained silty and organically rich soils (Zeven and Zhukovsky, 1975). Remains of sweet potato tubers and starch grains have been documented in a wide range of archeological sites of the Peruvian coast as well as in the Caribbean Basin, Ecuador, and the northern coast of Chile (Towle, 1961; Santoro, 1980; Perry, 2002; Zarrillo, 2012; Pagán-Jiménez et al., 2015). More recent research relying on starch grains suggest that sweet potatoes disseminated quite early and possibly in Pre-Columbian times throughout the Americas (Iriarte et al., 2020). Pre-Columbian sweet potato dispersal included into Polynesia (Scaglion and Cordero, 2011), where it became an essential staple (Horrocks et al., 2004; Tromp and Dudgeon, 2015; Barber and Higham, 2021). Pre-European dispersal into Polynesia was likely based on strong linguistic patterns linking Polynesian and Andean words for sweet potato [reviewed in Clarke (2009)], the presence of native South American human ancestry in pre-contact human remains from Rapa Nui (Ioannidis et al., 2020), and more recently, the direct evidence of sweet potato carbonized remains from sites such as Rano Raraku in the island (Tilburg et al., 2022).



Pacay

Pacay (Inga feuillei DC), is an evergreen, medium-sized fruit tree (up to 15–30 m high) from the Fabaceae family. The species, which is cultivated for its sweet tasting fruits and wood, presents paripinnate compound leaves with 3–4 pairs of opposite, large, dark-green, pubescent, oval to broadly ellipsoid leaflets (Pennington, 1997; Lim, 2012). The rachis is winged between each pair of leaflets and poses a nectary glad at the base of each leaflet pair. The flowers are sessile, pentamerous, fragrant, and organized in axillary spikes. Each flower possesses a short, white calix with numerous stamens (75, up to 120), fused into a tube. Male flowers occur occasionally with the hermaphrodite flowers. The fruits are pendant, indehiscent pods, laterally flattened with sulcate margins, and reach a length of 30–50 cm. The seeds are covered by a white, sweet, and edible grainy pulp. Starch grains derived from seeds are oval and elliptical with a single longitudinal fissure (Piperno and Dillehay, 2008).

Pacay is cultivated for its fruits and wood through the lowlands and highland Andean valleys of Peru, Ecuador, and Bolivia up to 1,800 m asl (Lim, 2012). It has also been introduced to Central America, Southeast Asia, and Australia. It grows better in areas with a short dry season, a mean annual precipitation between 1,500 and 1,700 mm, and a mean annual temperature around 25°C, but it can tolerate short periods of high (up to 35°C) and freezing temperatures. The species grows mostly in soils with a pH of 4–8 and tolerates high concentrations of aluminum in acid soils. Pacay presents copious root nodules that contain mycorrhiza, helping to uptake phosphates from the soil. The history of domestication of pacay is not well documented, but archeological studies have evidenced that its early consumption (∼8,000 years ago) in the Peruvian northern coast (Piperno and Dillehay, 2008). Furthermore, it has been documented that this tree crop was being cultivated in the coast of Peru by ∼4,500 cal yr BP and its pods have been portrayed on ceramics (National Research Council, 1989; Shady Solis et al., 2001; Haas et al., 2004). Remains of Inga feuillei have been also recovered from Formative sites in the northern coast of Chile (Muñoz Ovalle, 2004). Specimens from southern Peru and northern Chile are sometimes identified as the ice-cream bean (Inga edulis), but as suggested by various scholars and given the morphology of the pods and seeds, it is more likely the species represented in the archeological record is I. feuillei (Piperno and Dillehay, 2008). Pacay fruit was commonly consumed by indigenous communities of southern Peru, western Bolivia (Conlee et al., 2009), and rarely in northern Chile (Núñez, 2006).





Materials and methods

To characterize the cultivation of the selected crops from Amazonian origin in the western valleys of the Atacama Desert in Pre-Columbian times, we established their spatiotemporal range by determining their ubiquity, distribution, and antiquity in archeological sites of the Atacama Desert of northern Chile. More specifically, to determine the geographic and chronological variation of the selected plant cultigens, we relied on a database of economically utilized plants found in archeological contexts in the Atacama Desert developed as a collaborative endeavor by various scholars from northern Chile (Ugalde et al., 2021). The database was compiled from published and unpublished reports from over 235 sites assembled by various researchers including part of our research team. From this initial list that included over 130 plant taxa, we focused on instances of five species that were likely domesticated in the Amazon basin and made their way to the highlands and coast for which we calculated the inter-site ubiquity as the percentage of presence within different periods. Many of these materials are currently curated in the Museo Arqueológico San Miguel de Azapa (MASMA) at Universidad de Tarapacá in Arica. Therefore, during a second phase of research, we focused on these records by further reviewing reports and collection inventories by refining the initial taxonomic identifications based on direct observations and photographs of diagnostic morphological attributes of each available specimen and their comparisons with reference collections of modern specimens collected from the Azapa valley and the Arica farmer’s market. To further refine our identifications and chronology by means of specialized archaeometric analyses, we collected 38 samples from specimens within ten sites expanding the widest spatiotemporal variability we could and limited to either underground storage organs or seeds. At the archeological context level, we collected samples opportunistically from replicates or specimens that had fragmented portions that we could utilize without compromising their integrity. We then proceeded to conduct direct starch grain identifications, carbon and nitrogen stable isotopes, and radiocarbon dating as described below.

The identification of plant remains was further corroborated by conducting a starch grain analysis. Desiccated archeological roots, rhizomes, and seeds were soaked in distilled water for 24 h and processed following methods described by Kovárník and Beneš (2018). Dry samples were mounted in a medium of 1:1 glycerin and water and observed under a microscope with cross polarized light (Leica DM750). Morphological characteristics were collected for each sample, including shape, position of hilum, faceting, and fissuring patterns. Photographs of starch grains were taken under 400× magnification and measured using ImageJ1. We measured maximum length and maximum width of starch grains that exhibited good preservation. Given that there was high variation of starch granules preservation among samples, the number of measured starch grains varied greatly per sample, from 1 to 19 (average: 7.6 starch grains/sample).

To further verify if these plants were cultivated locally or possibly imported by down the line exchange or by means of llama caravans as well as to estimate their importance for human diets, we conducted carbon and stable isotope analysis. Selected samples were processed using an acid-base-acid (ABA) decontamination pretreatment. Approximately 20 mg of each organic sample was submersed in a 1N HCl acid wash at 70°C for 20 min followed by successive 0.1 N NaOH base washes also at 70°C for 20 min at a time until the solution was clear, after which a final acid wash was applied followed by two washes of nanopure water to rinse and neutralize the resulting organic fraction. The diluted base was used because of the delicate nature of the samples. Liquid was then extracted, and the samples were left at 40°C until completely dried. Aliquots of the resulting fractions were then packed for spectrometric analyses. Approximately ∼2.5 mg of pretreated organic material was sampled to measure carbon and nitrogen stable isotopes at the Yale Analytical and Stable Isotope Center using a Costech ECS 4010 Elemental Analyzer with a Conflo III interface and a Thermo Delta Plus mass spectrometer along with controls and comparative standards to guarantee both high measurement accuracy and precision. Samples with particularly low nitrogen peaks during the spectrometric analysis were reanalyzed for corroboration. We present isotopic values as parts per mil (‰) in delta (δ) notation in relation to the Vienna Pee Dee Belemnite (VPDB) standard for δ13C and the atmospheric nitrogen (AIR) standard for δ15N.

To corroborate the temporal extent of their presence in the region, we conducted direct accelerated mass spectrometry (AMS) radiocarbon dating of the processed samples. Aliquots of ∼1.7 mg were combusted, graphitized, and subsequently dated at the Pennsylvania State University AMS Radiocarbon Dating Lab (PSUAMS). Results were corrected for mass fractionation and reported in conventional radiocarbon years before present (BP). We then calibrated the results using the southern hemisphere calibration curve SHCal20 (Hogg et al., 2020) in Oxcal 4.4 (Bronk Ramsey, 2021) and report the results in calendar years before the current era (BCE) or during the current era (CE) in 95.4% (2σ) ranges. We also used Oxcal 4.4 to estimate the start and end of the utilization of each studied cultigen using Bayesian modeling phase, sum, and combine functions.



Results


Ubiquity and cultural associations

In the following sections we provide a summary of our results, evaluating if and how these cultigens were locally cultivated. Ugalde et al. (2021), document that the five studied taxa (achira, cassava, ahipa, sweet potato, and pacay) are present in 26 archeological sites from the Atacama Desert albeit in relatively low proportions (Table 1). More specifically, the records of the studied cultigens begin during the Late Archaic Period (7,500–4,000 cal BP) when achira, cassava, and sweet potatoes appear in just two sites suggesting they were relatively rare during this timeframe. During the following Formative Period (4,000–1,700 cal BP), these three taxa plus pacay become more abundant reaching ten sites but only reach 7.3% ubiquity suggesting they were still uncommon. Throughout the subsequent Middle Horizon (1,700–1,000 cal BP) and Late Intermediate Period (1,000–600 cal BP) as ahipa becomes incorporated into the assemblage these species return to a rare status or even disappear temporarily. It is during the Late Period (600–470 cal BP) of Inka dominance and also known as the Late Horizon, when some of these taxa such as sweet potatoes acquire their greatest ubiquity, which nevertheless, is lower than 15%.


TABLE 1    Presence of crops in number of sites (N) from the Atacama Desert including ubiquity (Ubiq) represented as percentage of presence per chronological period based on Ugalde et al. (2021; Supplementary Table 1).
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With very few exceptions such as the finding of cassava in Chaca 5 and El Vertedero Municipal de Antofagasta, most of the findings were made in sites within the Azapa valley and coast. A further look into the plant specimens themselves reveals additional insights.

Our research, focused on specimens held at the MASMA allowed us to further identify additional instances of these cultigens. This also allowed us to observe some of their physical attributes. The updated compilation incorporates revisions from previously documented sites with new records from both previously and recently studied archeological sites. As a result, combining information from the museum inventory, reports, and our personal revision of collections from this museum, we were able to document as many as 462 individual specimens from at least 15 sites located between the Azapa valley and its immediate coast (Figure 1).
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FIGURE 1
Study area including sites with macrobotanical remains analyzed in this study.


Although we tried to be as thorough as possible in quantifying these findings, we recognize that our list is not exhaustive as we could not personally revise the assemblages from various other sites (Table 2). For instance, Muñoz Ovalle (1981) reports the number of structures including specific taxa at the Late Intermediate Period village Aldea Cerro Sombrero (Az-28), but it is to be determined how many individual specimens are present in each structure. Similarly, in various instances, only presence of certain taxa is reported and so we have opted to tally these as one instance per context documented. Moreover, in many sites not even basic plant identifications have been attempted. Indeed, because all of the studied sites have been relatively comparably studied, that some sites such as Az-6, Az-71, Az-28, and PLM-4 have more identified specimens, might not necessarily be the result of spatial or temporal research bias, but of differential preservation, recovery and identification. Having said this, we have tried to directly revise records from as many sites and contexts as we could. As a result, our counts show some discrepancies with a few existing reports and should be taken as a conservative estimate of how many specimens exist from the documented sites.


TABLE 2    Identified specimens in records from sites in the Azapa valley observed MASMA collections including counts of analyzed specimens.
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Of the specimens we were able to observe directly, their provenience, associated cultural contexts and overall preservation were quite varied but generally, most were well preserved complete or semi-complete rhizomes, tubers, and seeds. Cultigens were found as either funerary offerings typically associated with vessels and other often complete artifacts within individual burials or as discarded food remains within middens and abandoned domestic structures in residential sites. Typically, specimens were in relatively good state of conservation and were often the result of hand collection and therefore, affected by preservation bias. In most cases, only one specimen was identified within a given burial or residential structure, but there were a few instances where several dozen specimens were also identified.

In the case of achira, most specimens were represented by rhizomes but in a few but significant instances, a few seeds caches were also observed (Figure 2). Rhizome specimens that included roots, stems and even leaves were observed (Figure 2B). These seeds are often perforated, slightly compressed in the middle and sometimes have strings passing through them suggesting they were used as beads (Figure 2A). Initially identified as seeds of mucuna (Mucuna sp.) or velvet bean, a legume native to the Chaco lowlands toward the southeast of the study region, morphological comparisons suggest these identifications (initially made half a century ago) are inaccurate. Given this finding, it is unclear if mucuna is actually present in Atacama Desert archeological sites. Interestingly enough, the small cavity that the achira seeds possess was used for facilitating their perforation and their use as beads has also been documented at other Atacama sites including Topater 1 in the Loa River (McRostie et al., 2019). Additionally, the finding of seed caches suggests the possibility achira was planted (and/or potentially imported) not just through asexual propagation but also by seed planting.
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FIGURE 2
Archaeobotanical remains from the Atacama Desert, northern Chile: (A) Seeds and (B) rhizomes of achira (C. indica) from Az-14 (sample 27691), (C) tuberous root of ahipa (Pachyrhizus sp.) from Az-14 (sample 27690); (D) tuberous root of cassava (M. esculenta) from PLM-7 (sample 27501.1), (E) tuberous roots of sweet potato (I. batatas) from sample Az-Indet (sample 28), (F) pods of pacay (I. feuillei) from Az-71a (sample 5). Scale bars: 5 cm.


Regarding cassava, ahipa, and sweet potatoes, these were typically identified mostly as complete tubers and sometimes as fragmented storage underground organs (Figures 2C–E). In a few instances, coloring and fragmentation hints the plant was cooked prior to deposition, but in most cases, the specimens seem raw and often include attached roots and rootlets. Pacay were typically recorded as complete or fragmented pods, usually bundled in groups of more than one pod (Figure 2F). The morphology of these pods further suggests that the represented species is pacay (I. feuillei) and not the ice-cream bean (I. edulis) as sometimes this species is referred to in the archeological literature. Pacay branches and fragmented portions of roots have been recovered from the layers than structure Formative Period mounds in sites such as Az-12, Az-70, and Az-122 (Ledezma, 2014). It has been also reported for Caserones village in the Tarapacá basin in the core of the Atacama Desert (Núñez, 1982; Núñez and Briones, 2017, 2022). There were also a few contexts in which more than one of the studied species was documented, but we did not note a clear pattern of covariance.



Starch grain identification

Starch grains were recovered from 17 samples from a total of 24 processed samples (Supplementary Table 1). In all cases, starch grains verified morphological identifications at least to the genus level with the exception of two samples (Az-15/54.1 and Az-6/12497.1), which were too degraded to confirm the taxa identification based on morphological characters. We found starch grains characteristic of Canna in five samples as they are large (maximum length: 22.9 ± 4.3 μm, maximum width: 16.4 ± 4.5 μm), ovate with an eccentric hilum, and diffuse lamellae (Figure 3A). Five samples included starch grains with a combination of attributes characteristic of Pachyrhizus (Figure 3B). The starch grains are oval, relatively small (maximum length: 9.85 ± 2.3 μm, maximum width: 9.8 ± 2.5 μm), with 3–4 acutely angled pressure facets, closed hilum, and some of them exhibit central simple fissures. In seven samples, we recovered starch grains characteristic of Ipomoea (Figure 3C). The starch grains are 10 ± 4.3 μm long and 10.5 ± 5.1 μm wide. Furthermore, they exhibit an oval and sub-triangular shape with up to 5 pressure facets, a centric hilum and occasionally a visible vacuole. The identification of these samples as I. batatas matched mostly the identification of the samples based on morphological characters. It must be noted that starch grains from Ipomoea and Pachyrhizus show similar morphological characteristics, but Ipomoea grains are slightly larger and often feature a central vacuole.
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FIGURE 3
Starch grains recovered from ancient macrobotanical remains from the Atacama Desert, northern Chile (each starch image is shown in DIC and polarized light): (A) achira (C. indica) grain from rhizomes from Az-11 (sample 001); (B) ahipa (Pachyrhizus sp.) grain from tuberous roots from PLM-7 (sample 43501); (C) sweet potato (I. batatas) grain from tuberous roots from Az-71b (sample 27026). Scale bars: 10 μm.




Direct radiocarbon dating

The chronology of the sites where the studied cultigens were found ranges between the Late Archaic and the Late Periods, but many of these sites have multiple components as a result of continuous use over extended periods of time as well as reutilization after abandonment, making some chronological associations potentially unreliable. Therefore, we proceeded to directly radiocarbon date a diverse sample of desiccated specimens. In total, we conducted 37 new direct radiocarbon dates from ten sites, which we used to reconstruct the sequence of use of the studied plants in the Azapa valley (Table 3). These direct dates allow a preliminary assessment of the chronology of adoption and use of these crops, which hopefully will be enhanced and refined by future additional sampling.


TABLE 3    Results of direct accelerated mass spectrometry radiocarbon dating including calibrations carried out using Oxcal 4.4 (Bronk Ramsey, 2021) and the southern hemisphere calibration curve (Hogg et al., 2020).
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Eleven samples correspond to achira specimens from six sites and included both rhizome but also seed specimens. Two of these samples are replicates from the same specimen (Az-14/27691) and produced an otherwise convergent date supported by a chi-square test that did not find a statistically significant difference between them [χ2-Test: df = 1, T = 6.722 (5% 3.8)]. The oldest documented specimen dates to approximately 745–397 BCE and the most recent to 1,510–1,663 CE, but most likely dates to the beginning of the Spanish colonial period. A Bayesian model including all eleven dates and combining the replicates largely confirms these ranges albeit providing slightly larger potential temporal boundaries allowing for some uncertainty (Figure 4).
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FIGURE 4
Modeled phases for calibrated radiocarbon dating of archeological plant records.


Ten samples of ahipa specimens from seven sites suggest the use of this cultigen dates between 729–392 BCE (based on a sample from PLM-7) and 1,508–1,648 CE, again likely converging toward the end of the pre-Hispanic period as verified by two different samples from the Az-15 site. A Bayesian model also supports this sequence with radiocarbon samples relatively evenly sampled throughout the sequence.

Four samples from two sites allow to date the use of cassava between 135–22 BCE and 1,226–1,285 CE. This sequence could be further extended deeper in time, considering the sample reported from Az-70 by Rivera (1976), whose recalibrated date resulted in 789–201 BCE. This sample, however, was dated with pre-AMS procedures.

Ten samples of sweet potatoes from six sites allow dating the use of this cultigen between 435–636 CE and 1,448–1,612 CE. In addition, two samples reported by Focacci (1982) from Az-6 and recalibrated provide further support for this temporal range. A Bayesian model incorporating all 12 direct sweet potato dates verifies this sequence. Interestingly, despite the important sample size, most of the samples, date between 1,100 and 1,300 CE, suggesting that sweet potatoes might have been adopted later than initially thought and/or that within these two centuries cultivating sweet potatoes was especially significant.

Finally, two pacay samples from two sites were directly radiocarbon dated between 1,235–1,378 CE and 1,462–1,629 CE, most likely dating toward the end of the pre-Hispanic Period.



Carbon and nitrogen stable isotopes

We run a total 29 specimens for carbon and nitrogen stable isotopes (Table 4). In addition, we reanalyzed eight samples because initial results showed low nitrogen peaks and percentages. Although samples with low nitrogen peaks produced relatively high C:N atomic ratios, we did not find significant differences between the resulting δ15N values at both the inter and intraspecific levels. Given the consistency of the data, we include all samples containing duplicates in the results presented below.


TABLE 4    Results of the stable isotope analysis.
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The δ13C results combining all samples show a relatively narrow range of values (between −21.8 and −28‰), verifying that as expected all specimens behave like C3 plants (Figure 5). This might not be surprising as with the exception of cassava, which has a crassulacean acid metabolism (CAM), all species have C3 photosynthetic pathways. In contrast, the δ15N results exhibit very high and continuous variability ranging between 1.2 and 31‰ and crosscutting some categorical (taxonomic, temporal, and contextual) diversity. For instance, achira and sweet potatoes, which included the largest sample sizes, also showed wide δ15N variability. In contrast, notwithstanding that most ahipa specimens had relatively low nitrogen values and most pacay samples had relatively high nitrogen values, both measured cassava specimens produced drastically different results. Similarly, although some of the specimens with the lowest δ15N values originate from Formative Period sites, the observed values do not seem to follow a temporal gradient nor directly correspond with site groupings. Therefore, it is possible that sample size could affect the observed range of variation. More importantly, given that we would expect all of these plants to have relatively low nitrogen values, that many of the analyzed specimens possessed relatively high δ15N values requires a specific explanation, which we discuss below.
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FIGURE 5
Bivariate plot including the carbon and nitrogen stable isotopes results organized by study plants and chronology.





Discussion


Cultivation of tropical crops in the Atacama Desert

The Atacama Desert of northern Chile is a unique region for the study of agricultural adoption processes. Here between the second and first millenium before the present era, societies primarily focused on the exploitation of marine resources from the highly productive Pacific coast began to adopt the cultivation of different complex of introduced domesticated plants throughout the Desert (García et al., 2020; Bessega et al., 2021; Ugalde et al., 2021). The evidence of these processes is constituted by uniquely preserved archaeobotanical materials including dried tissues of different anatomical parts such as tubers, roots, fruits, and others, thanks to prevailing hyper-arid conditions rarely present in other regions. This phytological material can be studied morphologically as well as through direct archaeometric techniques. Based on these analyses and a detailed review of recovered archaeobotanical specimens from archeological sites in northern Chile, it seems likely that the geophyte crops achira, cassava, sweet potatoes and ahipa, which likely followed a tuber pathway of domestication (Denham et al., 2020), were all introduced into the western Andean valleys of northern Chile nearly three millennia ago, and successfully cultivated there for the following centuries. Paleoecological evidence suggests that the initial adoption of agriculture was initially favored by wet climate conditions ca. 3,000–2,500 cal BP and correlated to population growth. However, as population became larger and climatic conditions dryer, it mobilized local populations to intensify and increase their reliance on other crops like algarrobo and maize.

The swift advent of these cultigens observed during the Formative Period in the Azapa valley mirrors what occurs with many other cultivated and wild plants when agriculture became a key subsistence strategy than in previous periods in the region and could be a consequence of increased dietary breadth and expanding agricultural populations. Although the results from the direct radiocarbon dating verifies that many of these cultigens were available during the first millenium BCE, many of the directly radiocarbon dated specimens are younger and correspond to periods when populations in the valley were at their highest levels (Gayo et al., 2015). The main function of these plants was to supply calories as carbohydrates stored in their rhizomes and tubers. A secondary but perhaps equally important role might have been tied to the capacity of these plants to store water and provide hydration, a limiting resource throughout the Atacama Desert, and therefore a particular palliative for travelers in this time of increasing population, mobility, and socioeconomic complexity.

The documented low abundance of these cultigens over time could be a result of relatively small volumes of planting possibly in rather constrained orchards or home gardens. While these plants do not require huge labor investment to plant, they do need some level of care to prevent them from spoiling. Given that these taxa are relatively easily to reproduce asexually, it is possible they were successfully propagated after an initial introduction of relatively minor populations. However, it is also plausible that additional crossbreeding with imported strains from the eastern Andes were incorporated into the region over time, particularly in relation to increased social and economic interaction during the Middle and Late Intermediate Periods (Núñez et al., 2005; Santoro et al., 2017).

At the inter-site level, the ubiquity of the studied cultigens is relatively low but consistent across time (Ugalde et al., 2021). Part of the reason why these crops, and particularly the geophytes, seem relatively rare is related to their taxonomic identifiability given that to accurately document them it is often necessary to recover complete or semi-complete well-preserved specimens and/or conduct specialized microscopic identification analysis, few of which have been conducted in the region. The database used to estimate the percentage of presence included sites not just from western valleys but also from the central depression and altiplano highlands, where not only these (originally tropical) crops were unlikely cultivated, but also where preservation conditions are substantially harsher particularly for uncharred secondary tissues including parenchyma from storage underground organs. If these crops became adapted to arid conditions, they could have been grown with the assistance of irrigation and other management techniques whereas if they were imported, we could expect to find some of these plants in intermediate nodes. In fact, imported goods from the eastern lowlands have been found in campsites both in highland rock shelters as well as llama caravan sites within the intermediate depression and nearby highlands (Briones et al., 2005; De Souza Herreros et al., 2017).

Regarding tree crops, during the first millenium CE, pacay seems to have been introduced, attractive for its sweet fruits. The introduction of pacay, however, was not as early, widespread, and successful as those of other leguminous trees such as those of the Prosopis genus, and particularly, the tamarugo (Prosopis tamarugo). Presently the tamarugo is such an iconic plant in the core of northern Chile Atacama Desert (Martínez, 1998), excluding the western valleys, that until recent archaeobotanical research verified its Pre-Columbian introduction, most scholars and local people assumed it was a native plant (McRostie et al., 2017). Similarly, algarrobo was introduced and widely dispersed in the interior of the Atacama Desert by the end of the first millenium AD, and chañar (Geoffraea decorticans) (McRostie et al., 2017), and P. lucuma (Ugalde et al., 2021) even later.

Of course, in addition to the plants that this study focuses on, other crops of Amazonian origin were also found in the same contexts, comprising peanuts, chili peppers, squashes, and coca. Future archaeometric and genomic research could share more light on the nature of their dispersion. For instance, it is still to be determined if there are specific patterns regarding the association of certain cultigens with specific kinds of individuals classified by gender, status, location, chronology, etc. Similarly, it is also to be explored if these co-varied with other specific cultigens, but incidental observations suggest significant variation in terms of burial composition over time. Indeed, our revision of the northern Chile collections reveals the existence of much more instances than that provided in the literature review. Similarly, for the Sihuas valley in southern Peru, Biwer et al. (2022) recently report remains of a long list of species from the Middle Horizon (600–1000 CE) site Quilcapampa, including achira and pacay seeds, which might have been locally grown. Valdez and Bettcher (2021) also report that in the Inka tambo of Acari in association with three earth ovens, tuber specimens of sweet potatoes were found as well as the remains of achira leaves. These ovens are similar to the ethnographically documented pachamanca cooking method practiced by contemporary local people of southern Peru who also use achira leaves to wrap and cap the oven, a practice that given the Acari evidence, could very likely originate in Pre-Columbian times.



Niche construction and the domestication of the desert

Plant, animal, and landscape domestication are complex and interrelated processes operating at multiple spatiotemporal scales. Because many of the studied plants had δ15N values much higher than those expected given their photosynthetic pathways, a specific biogeochemical transformation would explain this increase. Experimental research has demonstrated that fertilization using bird guano and camelid dung can significantly increase nitrogen isotopic values in plant tissues (Szpak et al., 2012). Fertilizing crops with marine bird guano is a well-documented practice in many Andean coastal valleys during late Pre-Columbian and Colonial times (Hidalgo et al., 2019) and significantly high δ15N values have been reported in human, camelids, maize, macaws, and other animal and plant remains in sites such as Azapa 8, Camarones 8, Pica 8, and many more spread out throughout the Atacama Desert (King et al., 2018; Alfonso-Durruty et al., 2019; Capriles et al., 2021; Santana-Sagredo et al., 2021). Therefore, our isotopic results seem to verify the hypothesis that food crops were not only cultivated locally but also fertilized using bird guano (Szpak, 2014; Santana-Sagredo et al., 2021). This implies that people were likely gardening these plants by supplying not only water through irrigation but other important nutrients to facilitate their growth.

Manuring using bird guano has been typically associated with Late Intermediate Period sites, but as our results show, this practice likely extended to the very origins of the adoption of agriculture in the Azapa valley. Nevertheless, the range of variation suggests that both fertilized and unfertilized cultivates coexisted in the valley for some time or even that some of the cultigens might have been imported from elsewhere (Díaz et al., 2019). In tandem, the ubiquity results suggest that over time, vegetatively propagated field crops became slightly less important and even extirpated altogether as other potentially more productive cultigens such as maize became more prevalent in the region (Vidal Elgueta et al., 2019).

The location of both the residential and funerary sites where these specimens were identified within the Azapa valley is also significant. The proliferation of sites and cemeteries in the Azapa valley beginning during the Formative Period is not just associated with fertile locations but also in relation to specific springs and wetlands (Muñoz, 1985; Ledezma, 2014; Muñoz et al., 2016). The total absence of rainfall should have been determinant for the introduction agriculture, which was initially organized under rather egalitarian social organization. Moreover, to enhance agricultural productivity an increasingly built infrastructure was manifested in irrigation networks. Other land social investments like interments with several individual offerings and landscape transformation through construction of extensive areas with ceremonial burial mounds, some of which are over 5 m high and 30–50 m in diameter, would have required significant labor coordination, but also signaled territorial ownership and control over key water resources and planting farming land with crops and trees (Romero et al., 2004). The burial mounds associated with the Formative Period, and which often incorporate layers of branches and wood from agricultural fields also feature plants themselves including edible portions of our study species within their conforming layers (Muñoz, 1985; Muñoz et al., 2016). It is possible that the building of these mounds was related to the processes of preparing soils. In this regard, we could hypothesize that the incorporation of the plants seems to have also featured soil development which was technically very different but not ontologically distinct from the development of dark earths in Amazonia, a hypothesis we hope to explore in future research.

Similarly, increasingly managed agricultural plots likely featured soil development through techniques such as leveling surfaces, clearing ground from rocks and other debris, and irrigation to encourage plant growth. In this regard we interpret the addition of marine bird guano (and potentially camelid dung) manure for fertilizer was likely carried out not just as an agricultural input but likely as a way to achieve lasting sustainability. This might have required scheduled fertilization along with other processes such as tilling, burning, plowing, weeding, planting multiple crops, and others that we still not fully understand. Therefore, agricultural fields were likely more similar to orchards and gardens than to single crop intensification plots such as those engineered for maize by the Inka in the neighboring Lluta valley during the Late Period. Presently, the Azapa and Lluta valleys complement more than contrast in terms of their agricultural potential with the former emphasizing olives and tomatoes and the latter maize and onions, and it is almost certain this structured dyad became structured Pre-Columbian times (Álvarez Miranda, 2014). This would explain the recurrent association of various plants as a complex (García and Uribe, 2012) including many geophyte crops and fruit trees such as our studied species.

The contexts where the studied cultigens were identified include domestic spaces and middens, but most originated from burials often as direct offerings within individual mortuary bundles. The association of these plants and burials could be related to the belief of facilitating food for the dead in their transit to the afterlife and this association has a complex dynamics in the Andes. That most of the studied plants also constitute storage underground organs provides an additional connection to the underworld as explored by various researchers particularly focused on the role of jiquima in southern Peru (Yacovleff, 1933). More importantly, the role of ancestors in facilitating fertility as social reproduction is well documented ethnographically (Girault, 1987; Arnold and Hastorf, 2008). For example, Harris (1983) emphasizes the importance of food, fertility, and agriculture in the mortuary rites practiced by the Laymi of highland Bolivia and especially their agricultural cycle which includes specific ceremonies for the dead connected to both planting and harvesting festivals. Analogous meaningful associations contributed to structuring the socio-environmental landscape of the Atacama Desert over the last millennia (Villagrán and Castro, 1997; Villagrán et al., 1998a,b, 1999).




Conclusion

In this study, we evaluated if the existing archeological evidence of a selection of four geophyte crops and one fruit tree that were likely domesticated in the South American tropics, east of the Andes, were cultivated in the western Andean valleys of northern Chile. Our initial hypothesis was that these taxonomically identified tropical cultigens were introduced into the western Andean valleys of the Atacama Desert along with other cultigens starting during the Formative Period if not earlier and peaking during the Inka expansion of the Andes. To refine the chronology of the appearance and use of these crops, we relied on direct radiocarbon dating of plant remains. To evaluate if these plants were farmed here, we used information about their ubiquity, starch grain analysis as well as carbon and nitrogen stable isotopes.

A general review of site collections and inventories suggests that all five study plants were cultivated in the region. Substantially more specimens were noted than those initially compiled from published reports and while their geographic and temporal range was significant, a strong focus was noted in the Azapa valley and the adjacent coast of Arica. The chronological and isotopic results further suggest that although the studied species were likely more ubiquitous than previously anticipated as a result of their successful adoption and planting in the studied region, they were never abundant. Nevertheless, it is likely that additional phytoliths, starch grains, and molecular studies of sediments and tools, will possibly increase the evidence of these cultigens and their frequency of consumption in the region.

High levels of nitrogen values suggest many of these crops were cultivated by means of manure fertilizing and that these practices originated in the Formative Period if not earlier. Unlike typical agricultural intensification strategies, we see the use of manuring as a diversification technique and, at the same time, a risk-reduction strategy, employed by early agriculturalists to enhance soil fertility in the long-term, which is effectively a form of niche construction. We envision manuring and other early agricultural activities, not just as inputs like in modern agriculture but more as a process of developing soils for the long term. While very different at the practical level, these processes were likely ontologically not very distinct than the long-term construction of Amazonian dark soils and the domestication of the Amazonian landscape. We can effectively see how introducing and caring for new cultigens involved various practices such as improving the soil, channeling water-flows, and protecting these from erosion, diseases, and other vulnerabilities. That these ideas are comparable to what is inferred in the Amazon is also likely not the result of cultural convergence but of the dissemination of the domesticated cultigens themselves, which was fundamentally a dynamic and highly sophisticated yet little understood socio-ecological process.

A wide range of domesticated plants were imported and transposed into valleys that drain in the Pacific Ocean of northern Chile during the Late Holocene, starting ca. 3,100 years ago. The ecological conditions where these plants evolved and were domesticated were sharply different than those prevailing in the western valleys, yet Pre-Columbian communities successfully transported and transplanted these crops. This could have been initially part of a symbolic system of consumption of the exotic (Foster, 1982), whereby food became a privileged arena for the production and management of identity/otherness (Aguilera Bornand, 2018). The evidence collected here plus a review of the chronology of findings of similar plant species in other archeological sites of northern Chile suggests that people intentionally incorporated many of these plants to their livelihoods that resulted in major transformation of the Atacama Desert ecosystems, which were otherwise depleted during the long drought phases that characterized the Middle Holocene. The abundance and relative ubiquity of these findings suggests that plants with edible underground storage organs such as ahipa, achira, sweet potatoes, and cassava as well as fruit trees such as pacay, were successfully grown in combination with increasingly complex soil management practices, and irrigation, all of which contributed to the environmental niches that were still in experimentation and construction by the AD 16th century, when the European invasion disrupted these trajectories but also triggered new ones.

In modern times, there are still a few pacay trees in the Azapa valley and canna lilies are planted on some gardens for ornamental purposes but cassava, sweet potatoes nor ahipa are cultivated at all. Indeed, as other Old World economically important plants such as grapes, olives, and onions became increasingly produced in the region, changes in agricultural practices gave pace to other cuisine and food consumption practices.
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For centuries, hunting and herding of large bovids were important for human survival at high altitudes on the Tibetan Plateau. However, little is known about past human relations with iconic plateau animals, such as takins (Budorcas taxicolor Hodgson, 1850) or yaks (Bos grunniens Linnaeus, 1766). Takins were widely hunted historically for subsistence and social reasons, but an understanding of ancient relationships has been hampered by the difficulty of distinguishing takins from other large wild or domestic bovids, e.g., gaurs (Bos gaurus), yaks, cattle (Bos taurus), water buffalo (Bubalus bubalis). Through the comparative and systematic study of modern specimens, comprising 80 mandibles and 53–78 skeletons curated across five institutions in China and the United States, this research proposes a new set of osteomorphological criteria for differentiating large bovids from the Tibetan Plateau and tests previously published criteria. The results show that takins can be easily differentiated from yaks, cattle, gaurs, and water buffalos using readily identifiable shape differences, non-metric characteristics, and specific landmarks of mandibular teeth and post-cranial elements. Criteria with especially high-reliability scores include mandibular teeth and 14 postcranial elements: scapula, humerus, femur, tibia, fibula, metapodials, lunate, scaphoid, magnum, unciform, and astragalus. Providing a reproducible field method for distinguishing takins from other large bovids in this region, the osteomorphological criteria established in this study will further archaeological investigations of Holocene hunting on the Tibetan Plateau, as well as early usage of domesticated yaks and cattle. These criteria can also be used in conservation to aid field identification of illegally hunted takins.
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 takin, Bovini, Tibetan Plateau, zooarchaeology, comparative osteomorphology


Introduction

Hunting of wild animals of the Tibetan Plateau (e.g., Tibetan argali [Ovis ammon], blue sheep [Pseudois nayaur], Tibetan antelope [Panthalops hodgsonii], Tibetan gazelle [Procapra picticaudata], takins [Budorcas taxicolor], wild yaks [Bos mutus], and gaurs [Bos gaurus] and herding of domestic sheep [Ovis aries], goats [Capra hircus], taurine cattle [Bos taurus] and yaks [Bos grunniens]) have played a significant role in human survival at high altitudes on the Tibetan Plateau (Cheng et al., 1984; Goldstein and Beall, 1990; Schaller, 2000; Dong et al., 2016; Zhang, 2016; Ren, 2017; Wang, 2017; Zhang et al., 2019; Chen et al., 2020; Wang et al., 2020). Given the iconic nature of plateau animals, such as takins or yaks, however, we know especially little about ancient human relations with large bovids. Takins, also known as “cattle chamois” (Order Artiodactyla, Family Bovidae, Subfamily Caprinae), have been widely hunted in recent centuries for meat and hides, as well as for trade and social and ritual purposes (Feng et al., 1986, p. 234; Guo, 2004; Aiyadurai et al., 2010; Rao et al., 2011; Chen et al., 2020). As browsers, takins have a broad range across the plateau and are adapted to forests, shrublands, and subalpine meadows between 1,000 and 5,000 m a.s.l. (Neas and Hoffmann, 1987; Song et al., 2008; Castelló, 2016) (Table 1). Best documented in the northwest and southeast Tibetan Plateau and Himalayan regions during the historical period, takins migrate seasonally between high (>2,500 m a.s.l.) and low altitude areas for food and to visit salt licks (Wu et al., 1990; Zeng et al., 2008).


TABLE 1 Body size and habitat information for large Bovidae of the Tibetan Plateau and Himalaya.

[image: Table 1]

Ethnographic records make it clear that people of the southeast Tibetan Plateau and Himalayan regions have had a long history of interactions with wild takins and know their behavior well (Feng et al., 1986, p. 234; Guo, 2004; Aiyadurai et al., 2010; Rao et al., 2011; Chen et al., 2020). Active in herds of 10–50 individuals, takins create obvious paths during regular seasonal migrations, making them more easily tracked and successfully hunted. Several historic studies record mass hunting, with sometimes more than 10 takins trapped at one time (Wu et al., 1990; Guo, 2004). However, the nature of ancient relationships between hunters and the takins is poorly understood. Although large bovids are present at many sites, including Shannashuzhan (>1000 identifiable specimens, Chen et al., 2020), Xiariyamakebu, and others (e.g., Huang and Leng, 1985; Zhou, 1999; He and Chen, 2006; Dong et al., 2016; Zhang et al., 2019), the difficulty of distinguishing among takins and other large wild or domestic bovids has hampered zooarchaeological understanding of this group. Takins are members of the subfamily Caprina but are relatively large, making it possible for fragments of their bones to be confused with those of wild yaks (Bos mutus), domesticated yaks, cattle, gaurs (Bos gaurus), gayal/mithan (domesticated/semi-domesticated gaurs, Bos frontalis), wild water buffalo (Bubalus arnee), and domesticated water buffalo (Bubalus bubalis) (Table 1; Figure 1). Takins were identified at Xiariyamakebu (~3,300 Cal BP), where early sheepherders hunted takins as well as deer (Dong et al., 2016). Takins have not, however, been definitively identified on hunter-gatherer/farmer sites. Analyses that allow more detailed identification of large bovids will allow scholars to determine whether the presence of takins or other large bovids on sites has been masked by identification at broad taxonomic levels (e.g., large bovids).


[image: Figure 1]
FIGURE 1
 Approximate distributions of extant large bovids of the Tibetan Plateau and vicinity (Data from Simoons, 1968; Zhang, 1989; Song et al., 2008; Buzzard and Berger, 2016; Duckworth et al., 2016; Gilbert et al., 2018; Kaul et al., 2019). Cattle (predominantly taurine) are found throughout the region.


Biomolecular methods (i.e., ZooMS and ancient DNA analyses) have recently contributed to the taxonomic identification of archaeological faunas. They have been instrumental in the analysis of fragmentary or indeterminate specimens. Sampling for these studies is still reliant, however, on baseline osteomorphological taxonomic analyses that characterize variation (e.g., taxonomic, body part, taphonomic) in large zooarchaeological assemblages and is undertaken in laboratories. Osteomorphological analyses are irreplaceable in field zooarchaeological studies, non-destructive, portable, and no/low-cost. However, building research scaffolds for baseline osteomorphological analyses of the Tibetan Plateau wild taxa is challenging. Due to overhunting (food, markets, products), large wild bovids are vulnerable or even threatened with regional extinction (Song et al., 2008; Buzzard and Berger, 2016; Duckworth et al., 2016; Kaul et al., 2019) extinction. As a result, necessary conservation restrictions on collecting skeletal remains make it difficult for regional institutes to build comparative reference collections of wild Tibetan mammals. To lay the foundation for regional zooarchaeological research and to create a baseline for further biomolecular analyses, studies are needed on the comparative osteomorphology of large bovids from the Tibetan Plateau held in global museums and research institute collections.

Here, we present comparative osteomorphological criteria for distinguishing takins mandibular teeth and post-cranial skeletons from four regionally common Bovini species: yaks (Bos grunniens), taurine cattle (Bos taurus), gaurs (Bos gaurus), and domesticated water buffalos (Bubalus bubalis), focusing on readily identifiable shape differences (non-metric) that will facilitate field identification. This research builds on the few previous studies that mention osteomorphological characteristics for distinguishing cranial and a few post-cranial skeletal elements of takins from other members of the Bovini (e.g., Lydekker, 1907; Wu et al., 1990; Gentry, 1992; Von Den Driesch, 1995; Vrba and Schaller, 2000). These have shown high potential for differentiating varied large bovids on the Tibetan Plateau, but more comprehensive studies are needed that include takins and other taxa and larger sample sizes (see Lyman, 2019 regarding general sample sizes). To do this, we conducted a systematic study of 80 mandibles and 68 skeletons of modern takins, yaks, gaurs, cattle, and water buffalo held at five institutes in China and the United States. This allowed us to test previously published osteomorphological criteria for differentiating closely related large regional bovids and to propose a set of new criteria for the identification of takins.



Methods and materials

The baseline for this study was provided by the review of previously published osteomorphological criteria for differentiating takins from other large bovids, including domesticated yaks (Vrba and Schaller, 2000), cattle (Wu et al., 1990), and European bison (Bison bonasus) (Gentry, 1992). Criteria from the global osteological literature on differentiation among bovids and the Bovini following paleontological and zooarchaeological perspectives (e.g., Lawrence, 1951; Olsen, 1960; Higham, 1975; Peters, 1986; Balkwill and Cumbaa, 1992; Gee, 1993; Von Den Driesch, 1995; Li, 2019) that might be useful for Tibetan taxa.

We studied mandibular teeth and post-cranial skeletal elements (Table 2) of modern takins (18 mandibles and 4–13 skeletons), domesticated yaks (18 mandibles and 13–35 skeletons), gaurs (15 mandibles and six skeletons), taurine cattle (19 mandibles and 17–22 skeletons), and water buffalo (14 mandibles and 7–9 skeletons) at the American Museum of Natural History (AMNH), the National Museum of Natural History at the Smithsonian Institution (NMNH), the Field Museum (FMNH), the Henan Provincial Institute of Cultural Heritage and Archaeology (Henan), and the Shaanxi Provincial Institute of Archaeology (Shaanxi) (Appendix 1). Specimens were mostly historical and collected during the 19–20th centuries from Asian, American, and European countries (e.g., China, the United States, Russia, India, and Vietnam). Bos indicus was excluded as well-identified specimens were not widely available. Taxonomies are debated for many of the taxa studied, but here we follow zooarchaeological convention (Gentry et al., 2004) for domestic taxa and the IUCN (e.g., Song et al., 2008) and Wilson and Reeder (2005) for wild taxa. This study aimed to identify major shape differences, distinct characters, and landmarks. Measurements are included in Appendix 2. The strength of this sample is that it represents a significant portion of known world holdings for Tibetan taxa. Weaknesses are that some elements samples remain small (e.g., tibia and fibula). In such cases, we only included obvious character differences that scored highly in reliability testing. An issue common to most bovid morphological research is that it focuses on historically collected animals (wild caught or shot). No animals were collected for this study). Without destructive ancient DNA testing (which is currently not possible), undetected hybridization could not be ruled out. Similarly, records did not always exist regarding the populations from which these animals were collected. As a result, the study's goal was to identify clear trends evident in the sample as a whole. Twenty-two elements were studied for each taxon, excluding only the cranium, ribs, vertebra, and phalanges. We included most carpals and tarsals because these small, dense bones are often recovered from sites and have a history of successful discrimination among bovids but are often excluded from identification studies. Anatomical nomenclature used followed Gentry (1992), paleontological convention, and English landmark terms from the Nomenclature (2017). Biometric data was collected on all measurable specimens following Von Den Driesch (1976). Our notation system for pilot criteria was straightforward, designed to recognize clear results rather than degrees of similarity. Z. Zhang carried out all direct museum observations. He started by systematically comparing several specimens from each species to create a set of pilot criteria (two to nine distinguishable characters) that would allow discrimination of each takins element from elements of other taxa, including yaks, cattle, gaurs, and domestic water buffalo. The pilot criteria were examined using all available physical specimens (assigned “1” when a pilot criterion was unambiguous, a “0” when a pilot criterion did not work, or a “0.5” if a character appeared intermediate). Proposed criteria (“1”) were further interrogated through interdependent examination of digital images by FM.


TABLE 2 Number of examined elements that exhibited reliable identification characteristics.
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To synthesize and examine the reliability of our observations, we used quantification tools introduced by Hanot and Bochaton (2018). This includes the number of observations (N Obs), which tallies the number of specimens examined in this study, the number of attributions (NA), which tallies the number of specimens assigned “1” and “0” designations, the number of correct attributions (NC), which tallies the number of specimens that were assigned “1,” the percentage of assessment (PA = NA/N Obs*100 reflects the difficulty of defining the certain character clearly and the variability of the criterion), and the correct identification rate (CIR = NC/NA*100, reflects the reliability of the criterion). In this article, we report only criteria with total PA and CI. Both are ≥80% (raw datasheets are included in Appendix 3).



Results

We found reliable criteria (with one to four distinguishable characteristics) for mandibular teeth and fourteen postcranial elements: scapula, humerus, magnum (carpale II + III), unciform (carpi IV), scaphoid (carpi radiale), lunate (carpi intermediate), metacarpal, femur, tibia, fibula (malleolus lateralis), metatarsal, navicular-cuboid (centroquartale), and calcaneus, astragalus. We did not find reliable identification criteria for the ulna, radius, cuneiform (carpi ulnare), and patella (see Appendix 4 for characteristics examined in this study that were found to be unreliable). There were only three atlas and four-axis specimens of takins available in the collections we visited, so these two elements were excluded in this study. Here we describe the most robust criteria.


Mandibular teeth

TE1 (Figure 2). The buccal outlines of lower molars (N Obs of total = 75, PA = 99%, CIR = 100%): In occlusal view, the outlines of the buccal side of takins molars are more pointed (as shown in landmark TE1 in Figure 2) (N Obs = 23, PA = 96%, CIR = 100%) than those of Bovini species, which are more bowed or rounded (N Obs = 52, PA = 100%, CIR = 100%).


[image: Figure 2]
FIGURE 2
 Mandibular teeth of takins and Bovini. (A) Budorcas taxicolor (AMNH–M−57016), (B) Bos grunniens (AMNH–M−22909). (C) Bos taurus (AMNH–M−22734). (D) Bos gaurus (AMNH–M−112979). (E) Bubalus bubalis (AMNH–M−54766). Specimens of Bos gaurus and Bubalus bubalis were from the right side; we filled the photos horizontally to be consistent with the sides of other specimens on this figure. Photograph of each specimen was taken individually using a DSLR (APS–C) camera with a 35 mm lens. Photosgraph were grouped using graphic software.


TE2 (Figure 2). The lower fourth premolar (N Obs of total = 70, PA = 86%, CIR = 100%): The metaconid of takins (N Obs of takins = 23, PA = 96%, CIR = 100%) fuses or almost fuses with the paraconid and forms a closed rectangle but is open on P4 of Bovini species (N Obs of Bovini = 47, PA = 81%, CIR = 100%). This characteristic has been previously described by Gentry (1992) as a characteristic for distinguishing takins and European bison.

TE3 (Figure 2). The lower third premolar (N Obs = 74, PA = 97%, CIR = 99%): Metaconid and paraconid of P3 of takins form a restricted “U” shape (N Obs of takins = 23, PA = 96%, CIR = 95%) but form an open “V” shape on Bovini species (N Obs of Bovini = 51, PA = 98%, CIR = 100%).



Scapula

SC1 (N Obs of total = 79, PA = 85%, CIR = 94%, Figures 3F–J). A medial notch is present in the lateral border of the glenoid cavity in the four Bovini species (N Obs = 72, PA = 83%, CIR = 90%) but absent in takins (N Obs = 7, PA = 100%, CIR = 100%).


[image: Figure 3]
FIGURE 3
 Scapula and humerus of takins and Bovini. Lateral view of the scapula: (A) Budorcas taxicolor (AMNH–M−57016), (B) Bos taurus (AMNH−77932). (C) Bos grunniens (AMNH−10263). (D) Bos gaurus (AMNH−54470). (E) Bubalus bubalis (AMNH–M−54766). Cranioventral view of the scapula: (F) Budorcas taxicolor (AMNH–M−57016), (G) Bos taurus (AMNH−77932). (H) Bos grunniens (AMNH−10263). (I) Bos gaurus (AMNH−54469). (J) Bubalus bubalis (AMNH–M−54766). Lateral view of proximal humerus: (K) Budorcas taxicolor (AMNH–M−57016), (L) Bos grunniens (AMNH–M−22909). (M) Bos taurus (AMNH−10731). (N) Bos gaurus (AMNH−112979). (O) Bubalus bubalis (AMNH–M−54765). Medial view of distal humerus: (P) Budorcas taxicolor (AMNH–M−57016), (Q) Bos grunniens (AMNH–M−22909). (R) Bos taurus (AMNH−10731). (S) Bos gaurus (AMNH−112979). (T) Bubalus bubalis (AMNH–M−54765).


SC2 (N Obs of total = 79, PA = 96%, CIR = 99%, Figures 3A–E). The outline of the glenoid cavity is more rounded in takins (N Obs = 7, PA = 86%, CIR = 100%) but more oval in four Bovini species (N Obs = 72, PA = 97%, CIR = 99%).

SC3 (N Obs of total = 79, PA = 100%, CIR = 100%, Figures 3F–J). In the lateral view, the coracoid process in takins is prominent, and there is no notch between the lateral border of the glenoid cavity and the coracoid process (N Obs = 7, PA = 100%, CIR = 100%). The coracoid process is much reduced in some Bovini (e.g., Bos grunniens), and there is a notch visible between the lateral border of the glenoid cavity and the coracoid process in the other four Bovini species (N Obs = 72, PA = 100%, CIR = 100%).



Humerus

HM1 (N Obs of total = 53, PA = 92%, CIR = 92%, Figures 3K–O). The proximal border of the greater trochanter exhibits a more open single notch in takins (N Obs = 7, PA = 100%, CIR = 100%). This area has a more restricted notch or shows dual notches in the other four Bovini species (N Obs = 46, PA = 91%, CIR = 90%).

HM2 (N Obs of total = 60, PA = 100%, CIR = 100%, Figures 3P–T). The posterior border of the medial condyle is flat in takins (N Obs = 7, PA = 100%, CIR = 100%) but is curved in the other four Bovini species (N Obs = 53, PA = 100%, CIR = 100%).



Scaphoid

SP1 (N Obs of total = 60, PA = 100%, CIR = 98%, Figures 4A–E). In the articular surface of the lunate, distal small articular facets are much reduced in takins (N Obs = 11, PA = 100%, CIR = 91%) and only cover the anterior end. The same articular facets are more prominent and cover both distal parts of the anterior and posterior ends of the scaphoid in the other four Bovini species (N Obs = 49, PA = 100%, CIR = 100%).
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FIGURE 4
 Scaphoid and lunate of takins and Bovini. Scaphoid: (A) Budorcas taxicolor (AMNH–M−57014), (B) Bos grunniens (AMNH–M−22909). (C) Bos taurus (AMNH–M−100031). (D) Bos gaurus (AMNH–M−54470). (E) Bubalus bubalis (AMNH–M−54765). View of the articular surface for scaphoid of lunate: (F) Budorcas taxicolor (AMNH−57017), (G) Bos grunniens (AMNH–M−70418). (H) Bos taurus (AMNH−245658). (I) Bos gaurus (AMNH–M−112979). (J) Bubalus bubalis (AMNH–M−54765). Distal view of lunate: (K) Budorcas taxicolor (AMNH−57017), (L) Bos grunniens (AMNH–M−70418). (M) Bos taurus (AMNH−245658). (N) Bos gaurus (AMNH–M−112979). (O) Bubalus bubalis (AMNH–M−54765).




Lunate

LN1 (N Obs of total = 60, PA = 100%, CIR = 99%, Figures 4F–J). In view of the articular surface for the scaphoid, two small distal articular facets are more reduced in takins (N Obs = 10, PA = 100%, CIR = 90%) than in the other four Bovini species (N Obs = 50, PA = 100%, CIR = 100%).

LN2 (N Obs of total = 61, PA = 100%, CIR = 97%, Figures 4K–O). In the distal view, the outline of the distal articular facet is more rectangular in takins (N Obs = 11, PA = 100%, CIR = 91%) but more irregular in the other four Bovini species (N Obs = 50, PA = 100%, CIR = 98%).



Magnum

MG1 (N Obs of total = 65, PA = 100%, CIR = 98%, Figures 5A–E). In the proximal view, a deep depression is present on the posterior border of the medial articular facet in takins (N Obs = 13, PA = 100%, CIR = 100%) but nearly absent in the other four Bovini species (N Obs = 52, PA = 100%, CIR = 98%).
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FIGURE 5
 Magnum and unciform of takins and Bovini. Proximal view of magnum: (A) Budorcas taxicolor (AMNH−57017), (B) Bos grunniens (AMNH–MO−10263). (C) Bos taurus (AMNH−245658). (D) Bos gaurus (AMNH–M−54469). (E) Bubalus bubalis (AMNH–M−54765). Posterior view of magnum: (F) Budorcas taxicolor (AMNH−57017), (G) Bos grunniens (AMNH–MO−10263). (H) Bos taurus (AMNH−245658). (I) Bos gaurus (AMNH–M−54469). (J) Bubalus bubalis (AMNH–M−54765). Proximal view of unciform: (K) Budorcas taxicolor (AMNH−57017), (L) Bos grunniens (AMNH–MO−10263). (M) Bos taurus (AMNH−245658). (N) Bos gaurus (AMNH–M−112979). (O) Bubalus bubalis (AMNH–M−54765). Posterior view of unciform: (P) Budorcas taxicolor (AMNH−57017), (Q) Bos grunniens (AMNH–MO−10263). (R) Bos taurus (AMNH−245658). (S) Bos gaurus (AMNH–M−112979). (T) Bubalus bubalis (AMNH–M−54765).


MG2 (N Obs of total = 64, PA = 100%, CIR = 100%, Figures 5F–J). In the posterior view, the proximal articular facet is much reduced in takins (N Obs = 13 PA = 100%, CIR = 100%). The proximal articular facets are farther extended distally in the other four Bovini species (N Obs = 51, PA = 100%, CIR = 100%).



Unciform

UF1 (N Obs of total = 53, PA = 100%, CIR = 96%, Figures 5K–O). In proximal view, the posterior border of the medial articular facet is much more curved in takins (N Obs = 11, PA = 100%, CIR = 100%) but relatively flat in the other Bovini species (N Obs = 42, PA = 100%, CIR = 95%).

UF2 (N Obs of total = 53, PA = 100%, CIR = 100%, Figures 5P–T). In the anterior view, a deep depression is present at the border of the lateral articular facet in takins (N Obs = 11, PA = 100%, CIR = 100%) but absent in the other Bovini species (N Obs = 42, PA = 100%, CIR = 100%).



Metacarpal

MC1 (N Obs of total = 68, PA = 100%, CIR = 100%). The overall shape of the takins metacarpal is the stoutest in all five species (Table 3). This characteristic has been pointed out by Lydekker (1907) as the most remarkable feature of the takins skel. It has been suggested by Wu et al. (1990), Vrba and Schaller (2000), and Gentry (1992) as a characteristic for distinguishing takins from cattle, yaks, or European bison.


TABLE 3 Measurements of metapodials of takins and Bovini species (in mm).

[image: Table 3]

MC2 (N Obs of total = 63, PA = 100%, CIR = 100%, Figures 6A–E). The notch between proximal articular facets is much reduced or nearly absent in takins (N Obs = 16, PA = 100%, CIR = 100%) compared to the other four Bovini species (N Obs = 47, PA = 100%, CIR = 100%).
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FIGURE 6
 Metacarpal of takins and Bovini. Proximal view: (A) Budorcas taxicolor (AMNH−57014), (B) Bos grunniens (AMNH–M−22909). (C) Bos taurus (AMNH–M−77932). (D) Bos gaurus (AMNH–M−112979). (E) Bubalus bubalis (AMNH–M−54766). Anterior view: (F) Budorcas taxicolor (AMNH–), (G) Bos grunniens (AMNH–M−22909). (H) Bos taurus (AMNH–M−77932). (I) Bos gaurus (AMNH–M−112979). (J) Bubalus bubalis (AMNH–M−54766). Posterior view of distal end: (K) Budorcas taxicolor (AMNH−57014), (L) Bos grunniens (AMNH–M−22909). (M) Bos taurus (AMNH–M−77932). (N) Bos gaurus (AMNH–M−112979). (O) Bubalus bubalis (AMNH–M−54766).


MC3 (N Obs of total = 66, PA = 100%, CIR = 95%, Figures 6F–J). The anterior longitudinal groove is much shallower in takins (N Obs = 16, PA = 100%, CIR = 100%) than in the other four Bovini species (N Obs = 50, PA = 100%, CIR = 94%). This characteristic has been previously described by Gentry (1992) as a characteristic for distinguishing takins and European bison.

MC4 (N Obs of total = 67, PA = 100%, CIR = 97%, Figures 6K–O). In the posterior view, the trochlea projection is much farther extended toward the proximal end in takins (N Obs = 16, PA = 100%, CIR = 100%) than in the other four Bovini species (N Obs = 51, PA = 100%, CIR = 96%).



Tibia

TB1 (N Obs of total = 53, PA = 100%, CIR = 100%, Figures 7A–E). The craniolateral notches in takins (N Obs = 6, PA = 100%, CIR = 100%) are much more restricted than in the other four Bovini species (N Obs = 47, PA = 100%, CIR = 100%).
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FIGURE 7
 Tibia, malleolus lateralis, and astragalus of takins and Bovini. Proximal view of the tibia: (A) Budorcas taxicolor (AMNH−57016), (B) Bos grunniens (AMNH–M−22909). (C) Bos taurus (AMNH–M−77932). (D) Bos gaurus (AMNH–M−54470). (E) Bubalus bubalis (AMNH–M−54766). Lateral view of malleolus lateralis: (F) Budorcas taxicolor (AMNH−57016), (G) Bos grunniens (AMNH–M−90186). (H) Bos taurus (AMNH−245658). (I) Bos gaurus (AMNH–M−112979). (J) Bubalus bubalis (Henan−77). Dorsal view of astragalus: (K) Budorcas taxicolor (AMNH−57017), (L) Bos grunniens (AMNH–M−22909). (M) Bos taurus (AMNH–M−100031). (N) Bos gaurus (AMNH–M−54470). (O) Bubalus bubalis (AMNH–M−54766). Medial view of astragalus: (P) Budorcas taxicolor (AMNH−57017), (Q) Bos grunniens (AMNH–M−22909). (R) Bos taurus (AMNH–M−100031). (S) Bos gaurus (AMNH–M−54470). (T) Bubalus bubalis (AMNH–M−54766).


TB2 (N Obs of total = 56, PA = 98%, CIR = 98%, Figures 7A–E). The caudolateral border of the lateral condyle in takins (N Obs = 6, PA = 83%, CIR = 100%) is flat in takins but is curved in the other four Bovini species (N Obs = 50, PA = 100%, CIR = 98%).



Malleolus lateralis

ML1 (N Obs of total = 54, PA = 100%, CIR = 96%, Figures 7F–J). In the lateral view, the anterior and posterior borders of the malleolus lateralis of takins (N Obs = 5, PA = 100%, CIR = 100%) form a more flared outline than in the other four Bovini species (N Obs = 49, PA = 100%, CIR = 96%).



Astragalus

AS1 (N Obs of total = 63, PA = 100%, CIR = 98%, Figures 7K–O). In dorsal view, the middle of the lateral border is more medially concave in takins (N Obs = 7, PA = 100%, CIR = 86%) than in other Bovini species (N Obs = 56, PA = 100%, CIR = 100%).

AS2 (N Obs of total = 63, PA = 100%, CIR = 98%, Figures 7P–T). In the medial view, the proximo-planter projection is rounded in takins (N Obs = 7, PA = 100%, CIR = 86%) but more pointed in other Bovini species (N Obs = 56, PA = 100%, CIR = 100%).



Navicular-Cuboid

NC1 (N Obs of total = 71, PA = 100%, CIR = 100%, Figures 8A–E). The length of the articular facet for the calcaneum is much shorter in takins (N Obs = 16, PA = 100%, CIR = 100%) than in the other four Bovini species (N Obs = 55, PA = 100%, CIR = 100%).
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FIGURE 8
 Navicular-cuboid and metatarsal of takins and Bovini. Proximal view of navicular-cuboid: (A) Budorcas taxicolor (AMNH–M−57016), (B) Bos grunniens (AMNH–MO−10263). (C) Bos taurus (AMNH–M−100031). (D) Bos gaurus (AMNH–M−112979). (E) Bubalus bubalis (AMNH–M−54766). Anterior view of the metatarsal: (F) Budorcas taxicolor (AMNH–M−57014), (G) Bos taurus (AMNH−245658). (H) Bos grunniens (AMNH–M−22909). (I) Bos gaurus (AMNH–M−54470). (J) Bubalus bubalis (AMNH–M−54765). Posterior view of the metatarsal: (K) Budorcas taxicolor (AMNH–M−57014), (L) Bos taurus (AMNH−245658). (M) Bos grunniens (AMNH–M−22909). (N) Bos gaurus (AMNH–M−54470). (O) Bubalus bubalis (AMNH–M−54765).




Metatarsal

MT1 (N Obs of total = 63, PA = 100%, CIR = 100%). The overall shape of the metatarsal of the takins is the stoutest among all five species studied (Table 3). This characteristic has been pointed out by Lydekker (1907) as the most remarkable feature of the takins skeleton.

MT2 (N Obs of total = 65, PA = 100%, CIR = 100%, Figures 8F–J). The posteromedial portion of the proximal articular surface is much more raised in takins (N Obs = 16, PA = 100%, CIR = 100%) than in four Bovini species (N Obs = 49, PA = 100%, CIR = 100%). This characteristic has been previously described by Gentry (1992) as a characteristic for distinguishing takins and European bison.

MT3 (N Obs of total = 66, PA = 100%, CIR = 95%, Figures 8F–J). The anterior longitudinal groove is much shallower in takins (N Obs = 16, PA = 100%, CIR = 81%) than in the other four Bovini species (N Obs = 50, PA = 100%, CIR = 100%).

MT4 (N Obs of total = 65, PA = 100%, CIR = 100%, Figures 8K–O). In the posterior view, the projection of the trochlea is considerably farther extended toward the proximal end in takins (N Obs = 16, PA = 100%, CIR = 100%) than in the other four Bovini species (N Obs = 49, PA = 100%, CIR = 100%).




Discussion and conclusion

This study provides a reproducible method for distinguishing takin bones and bone fragments from those of other bovines, including domesticated yaks (Bos grunniens), taurine cattle (Bos taurus), gaurs (Bos gaurus), and domesticated water buffalo (Bubalus bubalis) present on the Tibetan Plateau or Himalayan region with 25 new characteristics identified on 13 skeletal elements. Our findings demonstrate that characters of the takins humerus, tibia, lunate, magnum, unciform, metacarpal, cuboid-navicular, and metatarsal are especially reliable, with quantitative assessments of reliability higher than 95% (percentage of assessment and correct identification rates (following Hanot and Bochaton, 2018). This is also true of dental characteristics, including the buccal outlines of lower molars and cusps of the lower third and fourth premolars. We also consider identifications of characters of the scapula, distal humerus, tibia, fibula, and astragalus robust (PA and CIR >95%) despite smaller samples because of the magnitude of differences, e.g., lateral border of the glenoid cavity and the coracoid process are continuous on takins scapula but are discontinuous on those of other taxa (Figure 3).

It is noteworthy that in addition to characters that score above 95%, there are characters with scores higher than 80% that we think are still useful. These include characters TE2 on teeth, scapula (SC1, SC2), humerus (HM1), lunate (LN2,) SP1, metacarpal (MC3), tibia (TB2), astragalus (AS1, AS2), and metatarsal (MT3). We suggest, however, that they should not be relied on alone but rather considered as supporting evidence to complement characters scoring higher than 95% during taxonomic identification. We also found characteristics of the femur and calcaneus that show potential for distinguishing takins from Bovini (Appendix 5) but that need to be tested further due to small sample sizes.

In sum, carpals and tarsals made up a high proportion of the identifiable elements identified. We conducted the first work on the scapula, humerus, lunate, scaphoid, magnum, unciform, tibia, fibula, astragalus, and navicular-cuboid. Since these are dense elements commonly found in archaeological assemblages, these criteria will be useful. We also verified that the mandibular teeth and metapodial characteristics (i.e., TE2, MC1, MC3, MT1, and MT2) suggested by previous scholars (Lydekker, 1907; Wu et al., 1990; Gentry, 1992; Vrba and Schaller, 2000) are reliable for distinguishing takins from other Bovini. Due to limitations in the time that we were allowed to stay at each institute, the variable qualities of comparative specimens, and in some cases, the difficulty of identifying the characteristics mentioned in previous publications (e.g., phylogenic analyses without visual examples), we were not able to make an exhaustive list of reliable characteristics at this stage. There are undoubtedly others that could be added to those listed in this study. Some characteristics worth future attention include some suggested by previous studies that involved takins (Appendix 6) and others that have been suggested as helpful in distinguishing other members of the family Bovidae (e.g., Olsen, 1960; Higham, 1975; Peters, 1986; Balkwill and Cumbaa, 1992; Joglekar et al., 1994; Haraniya et al., 2016; Li, 2019). Future research is also needed on four species of Bovini known in the Tibetan Plateau and Himalayan regions that we could not include due to difficulties obtaining sufficient specimens, namely wild yaks (Bos mutus), gayal/mithan (Bos frontalis), zebu cattle (Bos indicus), and Asian wild water buffalo (Bubalus arnee). Furthermore, although complete teeth and bones of members of the family Cervidae are readily distinguishable from the Bovidae (e.g., Hillson, 2005 for tooth morphology, Lawrence, 1951; Brown and Gustafson, 2000 for post-cranial elements), highly fragmented takin remains might be confused with those of large cervids (e.g., Rusa unicolor, Cervus elaphus, and C. albirostris) in the region. To establish a comprehensive taxonomic identification guide for the zooarchaeology of the Tibetan Plateau and Himalayan regions, more exhaustive examinations of local faunal specimens are needed.

The osteomorphological criteria established here hold great promise for future archaeological investigations of changing hunting patterns through time and across the Tibetan Plateau. Success in distinguishing takins, which were known as a common prey of recent local hunters (e.g., Guo, 2004 and Wu et al., 1990), from other large bovids in this region, will also facilitate understanding of ancient relationships and studies of early usage of domesticated cattle on the Tibetan Plateau and yak domestication. Beyond its application in archaeology, our study will contribute to the conservation of threatened species. The non-destructive method proposed by our study can be readily applied to the field identification of takin bones in remote areas or markets where remains resulting from illegal hunting for bushmeat have been reported in some regions. Over-hunting has been one of the main threats to takins' survival, whose population is decreasing and who are listed as vulnerable by IUCN (Song et al., 2008).
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This study combines plant stable isotope and archaeobotanical analyses to explore how ancient pastoral communities in varying landscapes of eastern Tianshan managed their barley fields. The question is less archaeologically investigated, as recent discussions have focused on pastoral and nomadic activities. Results show that diversified cultivation strategies were employed in barley cultivation at different locations in eastern Tianshan. We also observed a diachronic transition toward less labour-intensive crop management corresponding to a growing pastoral lifeway from the late Bronze Age (1300–800 BCE) to historical periods (400 BCE–300 CE). These results inform us about the mechanism by which southwest Asian originated domesticates were adapted to the Inner Asian environments in the context of the early food globalisation.
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Introduction

In this article, we explore the cultivation strategies employed by ancient communities in the eastern Tianshan foothills between 1,300 BCE and 300 CE. Did the herders carry out intensive barley (Hordeum vulgare) cultivation with irrigation and manuring in pastoral-optimal environments? One of the recent developments in Old World archaeology has been the realisation of the movements of cultigens (and livestock) East and West across the Eurasian landmass thousands of years before the historic Silk Route (e.g., Jones et al., 2011; Liu et al., 2019). Accumulating evidence suggests an eastern dispersal of the Fertile Crescent cereals, notably free threshing wheat (Triticum aestivum/durum) and barley, was paralleled by the western movement of broomcorn and foxtail millet (Panicum miliaceum and Setaria italica) across the continental interior during the second millennium BCE. Recent analyses ascertained the chronology of the cereal movement (e.g., Liu et al., 2017; Zhou et al., 2020) and established the importance of Inner Asian Mountain Corridors (Frachetti, 2012; Spengler, 2015). However, the mechanism by which novel crops were adapted to the existing agropastoral landscapes remains unclear and is subjected to cultural-specific investigations (e.g., Vaiglova et al., 2020; Li et al., in press).

There has been a considerable recent development in the eastern Tianshan mountains with intensive field investigation and specialist research, resulting in a better understanding of the settlement pattern and subsistence strategies of a series of agropastoral sites commonly referred to as the eastern Tianshan complexity (Ma, 2014; Ma et al., 2014a,b; Xi et al., 2020a,b). These communities were herders with sheep, goats, cattle, and horses who also carried out barley and millet cultivation (Ling et al., 2013, 2016; Li et al., 2020, 2021; Tian et al., 2021a,b). Central to our inquiry is the conceptual conflict between pastoral and cultivation activities and the labour arrangement to facilitate both. Pastoral economies employ extensive labour approaches, in which productivity is driven by the size of herds and the quality and expansiveness of the pastures. Cultivation in traditional farming society, on the other hand, is often limited by land availability, and within this context, productivity is driven by intensive labour input. Recent excavations at eastern Tianshan and burgeoning plant stable isotope analysis provide a unique opportunity to measure the historically less investigated cultivation strategies in pastoral landscapes.

Stable carbon and nitrogen isotope compositions measured in archaeobotanical remains are informative to the plants’ growing conditions. Particularly, δ13C values of C3 plants can help infer crop water status (Farquhar et al., 1989; Araus et al., 1997; Flohr et al., 2011; Wallace et al., 2013). Plant δ15N values enable the assessment of soil 15N enrichment caused by aridity, soil denitrification, and anthropogenic activities such as manuring (Bogaard et al., 2007; Fraser et al., 2011). Macrofossil analysis focusing on weed taxonomy enables insights into field conditions and crop processing (e.g., Hillman, 1984; Stevens, 2003; Harvey and Fuller, 2005). These approaches allow direct assessment of past crop water status and growing conditions, which have shed light on early crop management in Europe, the Middle East, and East Asia (Bogaard et al., 2016, 2018; Styring et al., 2017; Alagich et al., 2018; Li et al., in press). Here we apply a similar approach to the study of agricultural practices in the eastern Tianshan Mountains.



Eastern Tianshan complexity and the study area

Situated at the easternmost part of the Inner Asian mountain ranges, the eastern Tianshan has been a cultural crossroad since antiquity, connecting the Hexi Corridor and Gobi Desert to the eastern Eurasian Steppe and Inner Asian mountains. In the past decade, intensive field investigations led by a team of archaeologists from Northwest University, Xi’an, revealed abundant archaeological remains from numerous sites dating between 2000 BCE and 1000 CE and transformed our understanding of the region’s early history (Ma, 2014). Most sites are found in three counties, Barkol, Hami, and Yiwu, located along the northern slopes of the Tianshan Mountains with altitudes ranging between 1,600 and 2,200 metres above sea level (m.a.s.l.). This region has highly diverse ecosystems, consisting of mountain steppes, coniferous forests, moraine hills, alluvial fans, and saline lakes. Nowadays, the climate is characterised by a relatively short-cool summer (17°C in July on average) and a long-frozen period (−17.5°C in January on average) and is generally considered a semi-arid environment (100–200 mm for annual precipitation) (Zhang, 1993; Liu, 1994). Modern residents practice spring-sown agriculture and seasonal transhumant pastoralism between foothill and mountainous environments.

Isotopic values measured on skeletal remains suggest a C3 plant-based human diet at Shirenzigou during the first millennium BCE (Ling et al., 2013, 2016), although other research has documented millet consumption at other locations in the region (Liu and Reid, 2020). Lacustrine sediments from Lake Tuolekule (also known as Yanchi) and Barkol revealed a gradual contraction of lake areas during the late Holocene (An et al., 2011; Xue and Zhong, 2011). The lake area of Barkol, for example, decreased significantly around 4000 years ago with subsequent a shrinkage occurred around 2000 years ago (Wang et al., 2014).

The study sites in this research can be divided into two phases according to radiocarbon measurements (detailed below): The Bronze and Iron Age (Phase I) occupations date to c. 1300–800 BCE, and the later historical period (Phase II) dates to between c. 400 BCE and 300 CE. Most sites are dated to the earlier Phase I, including sites located on moraine hills (2,000–2,200 m.a.s.l.), such as Shirenzigou IV (Wang et al., 2009), Hongshankou (Ma et al., 2014a), and Kuola (Xi et al., 2020a), and lakeside sites such as Haiziyan at the shore of Lake Barkol (1,600 m.a.s.l.) (Ren et al., 2021) and Yanchigucheng near Lake Tuolekeule (1,950 m.a.s.l.) (Xi et al., 2020b). Those sites consist of stone-built dwellings with compartments enclosed by walls and roofed by wooden and mudbrick structures. Inside the dwellings, fireplaces, and associated ash dumps and trash pits were recovered, together with saddle-shaped grinding stones, stone pestles and hoes, and pottery jars, among other artefacts. Notably, storages with charred barley grains were recovered from Shirenzigou IV and Haiziyan, and archaeobotanical research established the importance of barley cultivation to subsistence (Ma et al., 2021; Ren et al., 2021; Tian et al., 2021b).

Only Shirenzigou III in Barkol is dated to Phase II. The site is fully excavated, including four dwellings (F1, F2, F3, and F4) located on hill slopes between 2,000 and 2,100 m.a.s.l. F1 is the largest stone-enclosed structure (85.5 m × 50 m) and could be the central building of the site (Ren, 2012; Tian et al., 2018). By contrast, other stone structures are smaller semi-subterranean buildings (<100 m2), surrounded by lower and thinner stone walls. This resonates with the hypothesis of growing nomadism during phase II, marked by changing burial customs and horse-riding evidence and unambiguous cultural exchange with the Altai region that has been discussed extensively (Ma, 2014; Ning et al., 2019; Li et al., 2021).



Materials and methods


Sampling and archaeobotanical analysis

During the excavations of Shirenzigou IV, Hongshankou, Haiziyan, and Shirenzigou III in Barkol, flotation samples (n = 350, 2,290 L) were collected from different features, including pits, ash dumps, brunt floors, and fireplaces within the dwellings (Supplementary Tables 2, 3). Additional soil samples from Yanchigucheng (n = 3, 17 L) and Kuola (n = 3, 23 L) were acquired during a field survey and collected from cultural layers on exposed profiles. All samples were floated using the bucket flotation method described in Pearsall (2016) and Zhao (2010). Light fractions were collected and suspended through a 0.2 mm mesh. Archaeobotanical analysis was subsequently conducted in the Paleoethnobotany Laboratory at Northwest University, Xi’an, China. Analysis followed the laboratory procedure described in Zhao (2010), using seed atlases and taxonomic keys for identification (Wei, 1993; Zhang, 2000; Qiang, 2002; Liu et al., 2008; Ullrich, 2011), as well as the Flora of China online database1 for taxonomic nomenclature. Considering the varying quantities of samples and differences in contexts at each site, we use calculated density (the number of seed remains per litre of samples) as well as portions in our analysis (Marston, 2015).



Plant stable isotope analysis

We selected 36 charred barley grains from Shirenzigou VI (n = 10), Haiziyan (n = 10), Yanchigucheng (n = 4), Kuola (n = 2), and Shirenzigou III (n = 10) (each sample consistes of a single charred barley grain). We did not include millet in the isotope analysis as the very small number of millet remains (two broomcorn and one foxtail millet from Shirenzigou III only) precluded the possibility of sampling. After removing visible surface contaminants by gentle scrapings, plant samples were pre-treated with 0.5 M HCl acid for 30 min at 80°C as described by Vaiglova et al. (2014). After freeze-drying, samples were weighed and transferred into tin capsules. Subsequent stable carbon and nitrogen isotopic values were measured using an elemental analyser coupled to a Delta V Plus continuous flow isotope ratio mass spectrometer located at the Biogeochemistry Lab, Washington University in St. Louis. δ13C and δ15N values were calibrated relative to VPDB and AIR, respectively, using international standard of USGS 40 (δ13C = −26.4‰, δ15N = −4.5‰) and USGS 41a (δ13C = +36.6‰, δ15N = −4.5‰) and two in-house standards acetanilide (δ13C = −29.5‰, δ15N = +47.6‰) and BR millet (Bob’s Red Mill millet flour; δ13C = −13.2‰, δ15N = +3.3‰). Following Szpak et al. (2017)’s procedure, the variability of the calibration standards (Ssrm) was determined to be 0.09‰ for δ13C and 0.17‰ for δ15N. According to the repeated measurements of international calibration standards, check standards, and sample replicates, the precision [u(Rw)] was determined to be 0.18‰ for δ13C and 0.43‰ for δ15N, respectively; accuracy [u(bias)] was determined to be 0.11‰ for δ13C and 0.24‰ for δ15N based on the difference between the observed and defaulted δ values of the check standards and standard deviations of them. Overall, the standard uncertainty for δ13C is 0.20‰ and for δ15N is 0.49‰.

Considering the fluctuation of atmospheric δ13C values through times, we calculated Δ13Cplant–air values to infer differences in the water status of crops from the study sites (Farquhar et al., 1989). The Δ13C values were calculated from the determined δ13Cplant values and a δ13Cair value approximated by the AIRCO2_LOESS system (Ferrio et al., 2005), using the equation defined by Farquhar et al. (1989):
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Accelerator mass spectrometry radiocarbon measurements

We selected fourteen samples, including charred grains, animal bones, and wood charcoal, for radiocarbon (14C) analyses at Beta-Analytic based in Miami, USA (n = 11) and Radiocarbon Accelerator Laboratory, Peking University, China (n = 3). The pretreatment methods were similar, with a standard acid-base-acid (ABA) chemical pretreatment method followed by combustion and graphitisation prior to accelerator mass spectrometry (AMS) analyses. All radiocarbon dates were calibrated in OxCal 4.4 (Ramsey, 2017) using the IntCal20 calibration curve (Reimer et al., 2020).




Results and analytical frameworks

In this section, we shall announce the results of the three methodological strains: AMS radiocarbon measurement, archaeobotany, and stable isotope analysis. We shall also inform the readers about the analytical framework applied in evaluating the results.


Radiocarbon results and chronology

Accelerator mass spectrometry radiocarbon results are listed in Figure 1 and Supplementary Table 1. Most samples are dated (calibrated) from approximately 1300 BCE to the first centuries CE (Supplementary Table 1). Accordingly, study sites can be assigned into two phases, confirming observations based on uncovered archaeological remains. The early phase (Phase I) associated with the Bronze and Iron Ages are dated between ca. 1300 to 800 BCE, and the late phase (Phase II) is dated between ca. 400 BCE and 300 CE.
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FIGURE 1
Accelerator mass spectrometry (AMS) radiocarbon results generated by this study together with previously published 14C measurements as detailed in Supplementary Table 1. These results confirm the two occupational phases of the eastern Tianshan complexity (ETC) sites.




Archaeobotanical assemblages

Results of archaeobotanical analyses show that barley (likely six row naked form, Hordeum vulgare subsp. vulgare L.) was the dominant crop (10,594 grains out of 17,064 total seeds remain count) of all sites in this study. Only two charred broomcorn and one foxtail millet grain are recovered from Shirenzigou III (Tian et al., 2018). Seeds of weedy taxa were also recovered in considerable quantities (n = 4,798) (Supplementary Tables 2, 3 and Figures 2, 3). Wood charcoal is abundant in the assemblages. Weed taxa can be grouped into two categories. First, arable weeds common for agricultural fields such as Setaria viridis, Avena fatua, Chenopodium album, Medicago sp., Silene conoidea, Lepyrodiclis holosteoides, Vaccaria segetalis, Thlaspi arvense, and Convolvulus sp. (n = 2,779). The second group includes weed taxa that are adaptive to well-watered soils, notably, Galium sp., Polygonum sp., Medicago sp., and Carex sp. (n = 2,019) may reflect well-watered soils for barley cultivation (Wei, 1993; Qiang, 2002; Ullrich, 2011; Motuzaite Matuzeviciute et al., 2020). Other plant taxa, for example, Astragalus sp., Melilotus sp., Corispermum sp., Artemisia sp., Nitraria sp., etc., have also been recovered in these assemblages.
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FIGURE 2
Charred grains recovered from excavated eastern Tianshan complexity (ETC) sites. (A) Hordeum vulgare (ventral side) and (B) Hordeum vulgare (dorsal side) from barley cache at Shirenzigou IV F7; (C) Setaria italica from Shirenzigou III F1; (D) Panicum miliaceum from Shirenzigou III F1; (E) Setaria viridis from Shirenzigou III F1; (F) Lepyrodiclis holosteoides from Shirenzigou III F1; (G) Chenopodium album from Shirenzigou III F1; (H) Thlaspi arvense from Shirenzigou III F4; (I) Silene conoidea from Shirenzigou III F1; (J) Avena fatua from Haiziyan; (K) Convolvulus sp. from Shirenzigou III F1; (L) Vaccaria segetalis from Haiziyan; (M) Carex sp. from Shirenzigou IV F7; (N) Galium sp. from Shirenzigou III F1; (O) Polygonum sp. from Haiziyan; (P) Medicago sp. from Shirenzigou III F1.
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FIGURE 3
The density (A) and proportion (B) of charred barley (purple), weeds (including arable weeds and water-demanding weeds, green), and water-demanding weeds (yellow) recovered from eastern Tianshan complexity (ETC) study sites.




Plant isotope compositions

Carbon and nitrogen isotope compositions (δ13C and δ15N values) measured as well as converted Δ13Cplant–air values are reported in Supplementary Table 4. We follow Wallace et al. (2013)’s interpretative framework of the barley isotope composition based on modern experiments in the semi-arid Eastern Mediterranean to infer the water status of past crops. The original thresholds between “poorly watered” and “moderately watered” (17‰ for barley), and between “moderately watered” and “well-watered” (18.5‰) are refer as “Optimal Watering Threshold” (OWT) and “Superfluous Watering Threshold” (SWT), respectively. In order to assess the manuring condition of archaeological barley, we established a local vegetation baseline of c. 2.8‰ by using average δ15N values of archaeological herbivores’ collagen and subtract 4.5‰, the average offset between contiguous trophic levels (DeNiro and Epstein, 1981; Minagawa and Wada, 1984; Ling et al., 2016).

Figure 4A displays the variances of Δ13C values of different sites. A considerable number of barley samples (n = 24) are below OWT—Shirenzigou III (n = 6) and Haiziyan (n = 8)—signifying water stress during plant growth. Shirenzigou IV and Kuola samples display a much better water condition as most samples are above the OWT threshold (n = 8 for Shirenzigou IV and n = 2 for Kuola). The altitude effect on the C3 plants may apply due to changes in atmospheric pressure and high carboxylation efficiency at high altitudes leading to foliar 13C depletion (Körner and Diemer, 1987; Morecroft and Woodward, 1990). However, the pattern is largely driven by taxonomic combinations rather than foliar δ13C variations within single species (Szpak et al., 2013). Currently, there are no available data to evaluate the altitude effect of barley. Given the ETC sites are located around 2,000 m.a.s.l. We estimate the OWT and SWT thresholds would be slightly higher than what Wallace and colleagues established originally, making the observed “water stress” more pronounced. Since our interpretations are based on large relative differences between sites at similar evaluations, the altitude effect is not deemed meaningful.
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FIGURE 4
(A) Δ13C and (B) δ15N values measured in charred barley grains from eastern Tianshan complexity (ETC) sites. Dashed lines represent the threshold of “Optimal Water Status” (OWT) and “Superfluous Water Status” (SWT) for barley (Wallace et al., 2013; Vaiglova et al., 2020), and the estimated δ15N baseline of local vegetation using average δ15N values of archaeological herbivores (Ling et al., 2016).


Turning to δ15N values, Figure 4B demonstrates that all samples yield significantly higher δ15N values than the local vegetation baseline. The large variations of δ15N values, both between and within sites, suggests a variably but universally favorable nutrient supply of barley cultivation in this region.




Discussion

We will next consider the temporal and spatial patterns of barley cultivation in eastern Tianshan. We will first focus on changes in cultivation strategies through time. This is most clear at Shirenzigou. With its long-term occupational history, different sites at Shirenzigou offer insights into changes in subsistence strategies between the prehistoric and historical periods (Phase I and II). Secondly, as study sites are situated in markedly different environments, we shall explore the potential distinctions at the hill sites (Shirenzigou, Hongshankou, and Kuola) compared to areas near the lakes (Haiziyan and Yanchigucheng).


Changing cultivation strategies between 1300 BCE–300 CE

The isotopic results show a clear difference in water management and potentially soil preparation between the early and late occupational phases of Shirenzigou. The site has been central to archaeological investigations as one of the largest settlements in eastern Tianshan. Previous research revealed an increase in nomadic lifeways from the late Bronze Age to the historical period (Ma, 2014; Ma et al., 2014b). The two localities under investigation, Shirenzigou IV (SRZIV) and Shirenzigou III (SRZIII) were occupied during Phase I (1300–800 BCE) and Phase II (400 BCE–300 CE), respectively (Figure 1). This provides an opportunity to explore changes through time.

Most of the barley grains from the Bronze Age SRZIV display Δ13C values above the OWT (Figure 5A), indicating that their growth was not limited by water availability. Barley is adapted to arid environments since it is drought-resistant and is the pivot crop of rainfed agriculture in southwestern Asia (e.g., Riehl, 2012). In the eastern Tianshan, where the climate is dry, no evidence for enhanced precipitation is attested in palaeoclimatic records for the investigated period (Xue and Zhong, 2011; Wang et al., 2014). For this reason, the high-water status of barley crop observed isotopically at Shirenzigou could not be achieved without artificial water management. This doesn’t necessarily mean channel irrigation (such evidence is absent archaeologically). Barley could be strategically sown in areas with high water retention close to runoffs of snowmelts perhaps with small ditches to diffuse water or more sophisticated management of snowmelts at higher elevations with human or animal labour. In contrast, barley remains from the historical SRZIII show unambiguous water stress, with the plant development being limited by water availability (as Δ13C values below the OWT). This suggests that barley crops in the later occupational phase were either less watered or sown at drier locations than in the Bronze Age.
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FIGURE 5
(A) Δ13C and (B) δ15N values of archaeological barley recovered from Shirenzigou IV of Phase I and Shirenzigou III of Phase II; (C) proportion of barley, arable weeds (excluding water-demanding weeds) and water-demanding weeds in the archaeobotanical assemblages of Shirenzigou IV (Phase I) and Shirenzigou III (Phase II).


A similar diachronic change, though less clear, is seen in barley δ15N values at SRZIV and SRZIII (Figure 5B). Crop δ15N values reflect nitrogen isotope compositions of the soil in which they are grown. The system is driven by nitrogen cycle openness and mycorrhizal associations that appear to be the dominant factors controlling nitrogen isotope variation in plants and soils (Szpak, 2014). In this context, soil 15N enrichment can be caused by a host of both environmental factors (e.g., nutrient status, salinity, topography, water saturation, etc.) and anthropogenic factors (e.g., Vaiglova et al., 2020). The latter has received much archaeological attention concerning application of animal manure has been found to increase the δ15N values of soil and crops significantly (e.g., Bogaard et al., 2013). Barley δ15N values from SRIV and SRZIII display wide ranges. This observation suggests that crops were cultivated in variable soil conditions in both periods, which could result from several natural causes and the manuring effect combined (Groffman and Hanson, 1997; Finlay et al., 2008; Fraser et al., 2011; Styring et al., 2016). As barley grains from both sites display δ15N values significantly higher than the local vegetation baseline, anthropogenic activities such as the application of animal manure or organic waste likely contributed to the soil 15N enrichment. Otherwise, we expect the nitrogen isotope values to be closer to the baseline. Although natural causes (e.g., soil denitrification or aridity) cannot be excluded, the difference between SRZIV and SRZIII might indicate that barley fields were less manured during Phase II compared to Phase I. This resonates with the plant water status discussed above, suggesting less labour input/care in agricultural fields in a later phase.

The archaeobotanical results seem to support such a conclusion further. Tian et al. (2021a) observed a change in weed abundance through time, with a lower weed/barley ratio in the Bronze Age and a higher weed/barley ratio in the historical period. While the density of weeds decreases over time (Figure 3), their proportional input increases from the early to the late period (Figure 5C). The proportional input of water-demanding weeds decreased over time echoing the observation of less irrigation as suggested by carbon isotope compositions. It should be noted that this observed pattern could be driven by crop processing with increases in post-harvest and pre-storage labour biasing toward higher weed/barley ratios and higher weed proportion as the grains were removed for consumption (Stevens, 2003) or due to the scale of processing and/or producer/consumer status of the site (Jones, 1985; Van der Veen and Jones, 2006). Future research considering assemblage formation processes in contexts will guide our understanding. A definitive conclusion cannot be reached with the current available evidence. However, an alternative interpretation of the high weed proportion and weed/barley ratio at historical SRZIII is less pre-harvest labour, such that fewer weeding activities led to higher weed ubiquity in the assemblage. This possibility supports the isotopic results, suggesting less labour investment in field conditions before the harvest with regards to irrigation, manuring, and weeding. The decrease of water-demanding weed taxa (Figure 5C) over time could also be understood in the context of reduced irrigation.

In modern-day eastern Tianshan, spring-sown wheat is an important crop cultivated on the alluvial landscape with channel irrigation. This is an extensive system. According to local residences, each household (2–4 family members) is responsible for more than 10,000 square metres of arable land. As such, labour deficiency restrains intensive field activities such as weeding, and many weeds can be observed in the fields during the growing season.



Field management system between lakeside and foothill site

As discussed, the study sites are situated in markedly different environments, including areas on the piedmont hills such as the Shirenzigou group, Hongshankou, and Kuola and sites near the lakeshores Haiziyan and Yanchigucheng (Figures 6, 7). Barley grains from lakeside sites display significantly lower Δ13C values (below OWT) than barley from the hill sites (Figure 6). The lower Δ13C values at the lakeside sites could be the results of high soil salinity near the saline Lake Barkol and Tuolekule. Controlled experiments show that increases in soil salinity correspond to reducing the leaf stomatal conductance, resulting in lower Δ13C values and yield (Isla et al., 1998). In addition to the high soil salinity, lakeside sites are located on flat terrains at distances to the foothill runoffs or springs, making irrigation more difficult. Combined, agricultural fields near the lakes were likely more water-stressed.
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FIGURE 6
(A) The typical landscapes of Bronze Age lakeside sites (the excavation area of Haiziyan in 2017) and (B) piedmont sites (the piedmont landscape of Shirenzigou) in the eastern Tianshan region; (C) Δ13C and (D) δ15N values of archaeological barley from lakeside (Haiziyan, Yanchigucheng) and piedmont sites (Shirenzigou IV, Hongshankou, Kuola); (E) proportion of barley, arable weeds (excluding water-demanding weeds) and water-demanding weeds uncovered from lakeside and piedmont sites.
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FIGURE 7
The locations of Shirenzigou IV (SRZ IV, 2,140 m.a.s.l.), Shirenzigou III (SRZ III, 2,200 m.a.s.l.), Haiziyan (HZY, 1,600 m.a.s.l.), Yanchigucheng (YCGC, 2,020 m.a.s.l.), Kuola (KL, 2,200 m.a.s.l.) and Hongshankou (HSK, 2,200 m.a.s.l.) in the eastern Tianshan region. The lowest and highest elevations of Barkol are at Lake Barkol (1,581 m.a.s.l.) and Yueyashan (4,308 m.a.s.l.), respectively. The lowest and highest elevations of Yiwu are at Lake Tuolekule (1,890 m.a.s.l.) and Tuomuerti (4,886 m.a.s.l.), respectively. Maps were generated using ArcMap v. 10.2 with data credit to National Park Service Natural Earth physical map (public domain).


In contrast, barley samples from piedmont hill sites yield Δ13C values that are mostly above OWT (with two exceptions). Some samples are even above SWT (Figure 6). This suggests barley crops from those sites were well-watered. These results enable an observation of distinct cultivation strategies concerning water regimes (including both irrigation and strategic planting in soils with high water retention) at the piedmonts and lakeshores.

This observation resonates with the archaeobotanical results, suggesting a difference between the environmental conditions of barley fields by the lakeside and on the foothills. The densities of barley grains, weeds, and water-demanding taxa in the piedmont sites (Shirenzigou IV F7, Kuola, and Hongshankou) all outnumber their counterparts on the lakeside (Haiziyan and Yanchigucheng, Figure 3). The proportions show a different pattern with arable and water-demanding weeds are lower at the lakeside in comparison to the piedmont sites. The percentage data are subject to further scrutiny considering assemblage formation as grain/weed ratio typically reflect crop processing activities rather than field condition (e.g., Stevens, 2003; Van der Veen and Jones, 2006). That issue aside, some arable weeds are informative to crop growing conditions and can provide complementary information (e.g., Bogaard et al., 2016). It is noticeable that water-demanding taxa such as Carex, Galium, Polygonum, and Medicago are more ubiquitous in the piedmont assemblages compared to the lakeside assemblages (Figures 3, 6E). Carex, in particular, is sometimes seen as an indicator of field irrigation due to its adaptation to open and well-watered soils (Rühl et al., 2015; Motuzaite Matuzeviciute et al., 2020).

The isotopic and archaeobotanical evidence, therefore, suggests two distinct barley cultivation strategies co-existing in eastern Tianshan. Barley crops were grown in stressful conditions near the saline lakes, while crops were relatively well-looked after in the piedmont zone. As mentioned, archaeologically visible irrigation channels are absent in this region, but water management can be achieved by small-scale modifications or strategic planting without leaving traits in projected archaeology. Ethnographic records in Tuva, for example, demonstrated the application of simple channels for irrigating fields among southern Siberian pastoralists (Vainshtein, 1980). Some piedmont fields in modern-day Barkol are irrigated by simple ditches bringing glacial water from the top of the mountain.




Conclusion

The data presented in this paper allows two inferences. First, our results indicate that different cultivation strategies were employed at different ecosystems. Plant isotope results show, unequivocally, water management at hill sites to meet barley’s growing demand in an otherwise arid environment. However, barley fields near the lake shores were stressed due to soil salinity.

The second inference concerns changing cultivation strategies over time. Stable carbon and nitrogen isotope compositions and archaeobotanical results combined suggest a shift in barley cultivation from the Bronze Age to the historical period manifested by the difference between SRZIV and SRZIII. The former likely represents a labour-intensive system with water management, application of animal manure or midden for soil improvement, and potentially frequent weeding activities during 1300 BCE and 800 BCE. The latter is associated with an extensive cultivation strategy with diminished input in irrigation, manuring, and weeding between 400 BCE and 300 CE, corresponding to the development of nomadic lifeways during this time that has been discussed elsewhere (Ma, 2014; Ning et al., 2019; Li et al., 2021).

These findings shed light on an extensification trend of barley cultivation from the late Bronze Age to the historical period. During this later period, with communities increasingly relying on pastoral activities as the main subsistent strategies, intensive cultivation with high labour input per area seen in the Bronze Age was partially diminished. The latter was given way to an extensive approach in which productivity is driven by the size and expansiveness of herds, pastures and cultivation, a trend that has been speculated by scholars but we provided tangible evidence here. Of course, there are limitations. We began our interpretation with carbon isotope evidence that is quite clear; the nitrogen isotope compositions also present clear trends but are more enigmatic in distinguishing natural and anthropogenetic drivers; the archaeobotanical data, however, has more than one interpretation. This is where the ambiguity begins, and we draw attention to the value of context-based assemblage formation process in future research.
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This paper presents archaeobotanical research results from an occupation horizon of the Chap II site left by the earliest known farming community in the Central Tien Shan mountains in the current territory of Kyrgyzstan. The archaeobotanical samples were recovered from well-defined contexts in domestic waste pits, house floors, fireplaces, and an oven, all of which date to a narrow period of occupation between 2474 and 2162 cal BCE (based on n-14 AMS dates). The archaeobotanical assemblage is dominated by the SW package crops of bread wheat and naked barley. Those are the only species to have progressed further east across the mountain ranges of Central Asia during the earliest wave of crop dispersal. However, other species in small quantities were also identified at the Chap II site, such as T. durum/turgidum and T. carthlicum, possibly glume wheats and hulled barley. Here, we argue that the dominant compact morphotypes seen only in bread wheat and naked barley caryopses hint toward a selection for the specific adaptive traits of cultigens that enabled successful agriculture in high-altitude ecogeographies. Large variations in cereal caryopses size possibly indicate that crops endured stress (e.g., insufficient nutrients, water, or other) during plant development. More research is needed for a better understanding of the developmental plasticity between different crop species and the formation of unique landraces in diverse environmental niches in the past.
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  crop resilience, crop adaptation, pioneer crop package, Central Asia, archaeobotany, Bronze Age, earliest farmers, agropastoralists


Introduction

The adaptation of plant species to novel ecotones as they dispersed away from their centers of domestication has been a subject of many scientific studies (Coward et al., 2008; Spengler et al., 2016; Fuller and Lucas, 2017; Stevens and Fuller, 2017). These adaptation processes are complex and multi-dimensional for the successful adaptation and cultivation of novel crops in new environmental circumstances under different climatic and day length regimes. When and what species first reached any given novel geographical regions very much depends on plant adaptability, genetic changes in the crops themselves, changes in the crop package which involve new additional crops that allow minimization of agricultural risk, human culinary preferences, and the human ability to facilitate crop cultivation with plowing, irrigation, or manuring (Liu et al., 2016; Fuller and Lucas, 2017; Lister et al., 2018; Motuzaite Matuzeviciute, 2018). To assess how well crops adapt to novel environments from archaeobotanical perspectives, we can look at several criteria such as crop biodiversity or cereal caryopses dimensionality. It has previously been shown that crop response to climatic stresses is expressed in high variability of caryopses sizes (Motuzaite Matuzeviciute et al., 2015, 2018, 2021a) or reduction in the overall caryopses size (Fuller et al., 2017). On the contrary, the reduction of caryopses size in wheat and barley in monsoonal China has led researchers to infer the influence of culinary preferences (Liu et al., 2016; Ritchey et al., 2021).

The Chap II site is situated at the highest elevation ecocline for successful cereal cultivation at 2000 m.a.s.l in the Tien Shan Mountains of Kyrgyzstan (Figure 1). The agriculture in the Kochkor valley is currently concentrated on the valley bottom, as surrounding slopes promptly increase in elevation. In the summer, the south-facing slopes can receive snowstorms at 2,600 m.a.s.l., drawing the line for successful cereal cultivation. Currently, the main cultivated species in the vicinity of Chap archaeological site are spring and winter barley (mostly naked varieties), bread wheat, lucerne grass, and potatoes. The key limiting factor of agriculture in high-altitude valleys—such as Kochkor—are unstable climates that can generate strong winds, rain storms, water shortages, and short growing seasons due to the continental climate. Therefore, current agricultural practices around the Chap II site are highly susceptible to minor climatic fluctuations and therefore can only be successful by targeting crop species that are adapted to local environments, along with facilitating their growth via manuring and irrigation.
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FIGURE 1
 Map of Kyrgyzstan showing Chap and other sites mentioned in the text. The red rectangle marks the position of the Kyrgyzstan on the Eurasian map. SRTM (NASA) for DEM, Digital Chart of the World (DCW) for water surface, Global Administrative Areas (GADM) for boundaries.


The occupation horizon of the Chap II site was formed by the first farming communities that settled the highland valleys of Central Tien Shan during the second half of the 3rd millennium BCE (Motuzaite Matuzeviciute et al., 2021a). Previous research at the Chap II site has shown that southwest Asian cereal crops facilitated high-elevation agriculture in the Central Tien Shan; the crop species consisted mainly of free-threshing wheat species and naked barley varieties but also possibly some glume wheat and hulled barleys (Motuzaite Matuzeviciute et al., 2020a). The reported values of bread wheat caryopses (n-311) ranged between 6 and 2.4 mm (mean values 3.9 mm) in length, 4.2 and 1.8 mm in width (mean values 2.9 mm), and 3.4 and 1.3 mm in depth (mean values 2.2 mm), while naked barley (n-256) caryopses ranged between 6.4 and 2.7 mm in length (mean values 4.3 mm), 4.3 and 1.8 mm in width (mean values 3 mm), and 3.5 and 1.2 mm in depth (mean values 2.3 mm) (Motuzaite Matuzeviciute et al., 2021a). Such large variation in caryopses size is usually associated with environmental conditions during crop development that is common for many plant species (Salisbury, 1974; Goodman and Brown, 1988; Moles et al., 2005). Plant exposure to heat, for example, can decrease seed size during development (Reed et al., 2022). Previous studies have suggested that the variability in cereal caryopses can arise from unstable temperatures and/or strong winds and rains, which can enable the survival of certain landraces while eliminating others over time (Motuzaite Matuzeviciute et al., 2018).

The previously published archaeobotanical assemblage from the Chap II site constitutes the largest in the Central Tien Shan to date (Motuzaite Matuzeviciute et al., 2021a). Yet, all previously analyzed archaeobotanical remains at this site were recovered just from two adjacent ash pits. These pits were recovered during the last days of the 2019 archeological excavation after opening a 2 x 2 m test pit, raising many questions regarding the representativity of the analyzed contexts and the function of the pits themselves. It was not clear whether the pits constituted a part of a wider domestic context or were ritual deposits, as has been previously suggested at contemporaneous sites in the Semirechye region of Kazakhstan (Frachetti, 2014). During the Chap II archeological excavations in the year 2020–2021, an extensive horizon of Chap II occupation was recovered. Additional archaeobotanical samples were taken from fireplaces, clay ovens, domestic pits, burial pits (dug into the oven), and house floors, suggesting domestic occupation horizons.

This paper presents extensive and detailed archaeobotanical research results that, together with new radiocarbon dates, have facilitated the development of a much broader picture of agricultural practices, the paleoenvironment, and plant adaptation during the earliest episodes of crop cultivation in the Tien Central Shan Mountains.



Methods


Archaeobotany

The archaeobotanical samples were collected from the domestic occupation horizon of the Chap II site, targeting fireplaces, a clay oven, domestic waste pits, and house floors, all of which were distributed at a depth between 170 and 300 cm below the present-day surface (Figure 2). A total of 550 l of sediments were floated from 12 archeological contexts collected during the 2020–2021 excavations, while 136 l were collected during the 2019 excavation (previously published in Motuzaite Matuzeviciute et al. (2020a) and added to Table 1). For sediment flotation, we used a 0.3 mm sieve size and water from the irrigation channel at the Kara Suu village. We also collected additional sediment samples from every context (40 l bag), which are currently stored as archival material at the excavation site. After sediments were floated using the bucket flotation method, the dried flotation samples were transported to the Bioarchaeology Research Center of Vilnius University, where they are currently archived. During the sorting, each sample was collected in a stack of three sieves of the following mesh sizes to facilitate the analysis of the material: 2 mm, 0,6 mm, and 0,14 mm. The finest fraction was collected in a separate container at the bottom of the sieves. This fraction was not analyzed, as it was mainly composed of very fine silt size sediment and/or charcoal “dust.” The stereomicroscope and reference collection of the Bioarchaeology Research Center, including botanical seed atlases, such as Cappers et al. (2006) and Martin and Barkley, 1961; were used to identify and quantify both wild and domesticated plant taxa. In addition, for the identification of the cereal crop caryopses, rachis internodes, and glume bases were relied on identification criteria as presented by Jacomet and Schlichtherle (1984), Zohary and Hopf (2000), Hillman (2001), Hillman et al. (1996), Renfrew (1973), and Jacomet (2006), Neef et al. (2012). In addition, for the identification of wheat rachis internodes to species, we consulted with archaeobotanist Nana Rusishvili from the Georgian National Museum and the botanist and wheat specialist Marine Mosulishvili from Ilia State University, Georgia. A more detailed description of the crop identification and quantification criteria applied is found in the results section.
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FIGURE 2
 The aerial photography of Chap II excavation area with marked contexts of archaeobotanical samples as listed in Table 1 (photograph by Kunbolot Akmatov).



TABLE 1 Archaeobotanical identifications from Chap II.
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Radiocarbon dating

Radiocarbon dating of carbonized grains, animal bones, and human bones was performed by the accelerator mass spectrometer (AMS) method. The dating was performed at the Center for Physical Science and Technology in Vilnius. Radiocarbon results were calibrated using the IntCal20 calibration curve (Bronk Ramsey, 2009; Reimer et al., 2020) (Table 2). Bayesian modeling of the Chap II site archeological contexts was modeled in OxCal v. 4.4.4 according to their stratigraphic positions (n-14) together with the Chap I site (n-10) (Bronk Ramsey, 2021). The previously published dates from the Chap I site, which is situated above the occupation horizon of Chap II, were used for comparison and visualization of the Chap occupations phases as these two phases together are published for the first time (SOM1). Date ranges are reported as 95% posterior probabilities on individual dates and the start and end dates of site occupations.


TABLE 2 Radiocarbon dates from the Chap II site according to the contexts.
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Results


Archaeobotany

All archaeobotanically analyzed contexts contained large quantities of cultivated cereal grains, grain fragments, and cereal chaff (Table 1). The barley grains and chaff were of two varieties—naked (Hordeum vulgare var. nudum) and hulled (Hordeum vulgare var. vulgare). The naked forms constituted the absolute majority of all barleys and belonged to compact morphotypes that are highly variable in size (Figures 3A–D,G, 4). We also identified fragments of rachis internodes belonging to naked barley varieties, as characterized by the “spiky” attachment platform on the central floret (Motuzaite Matuzeviciute et al., 2021b) (Figures 5A–C). We also found some hulled varieties of barley as seen from the barley caryopses that still had glumes attached (Figure 3E) and from rachis internodes that contained glumes on the side of the glume base platform but none in the middle.


[image: Figure 3]
FIGURE 3
 Barley varieties from Chap II site: compact naked barley morphotypes (Hordeum vulgare var. nudum) (A–D,G) and hulled barley (Hordeum vulgare var. vulgare) (E).



[image: Figure 4]
FIGURE 4
 Variation in size between caryopses of the same species of barley (A) and wheat (B) at Chap II site.



[image: Figure 5]
FIGURE 5
 Rachis internodes from Chap II site of Hordeum vulgare var. nudum (A–C), Triticum aestivum (D, F), Titicum carthlicum (E), tetraploid free-threshing wheats cf. Triticum durum/turgidum (G–J), and rachis internodes of possibly glume wheats (K,L).


The free-threshing wheat species constituted the second major component of all cultivated cereal remains in all analyzed assemblages, belonging to the free-threshing species of Triticum aestivum/durum/turgidum (Figures 6A,B). The majority of rachis internodes belonged to bread wheat and contained a characteristic “shield shape” or curved rachis (Figures 5D,F). The widest part of such rachises is just above the middle portion, without a swelling below the glumes (Hillman et al., 1996; Hillman, 2001; Jacomet, 2006). However, some rachis internodes also belonged to other free-threshing wheat species, which did not fit into the shield shape rachis internode category. The former group of rachis internodes had straight side contours where the maximum width of the rachis was located in the upper portion; these internodes also contained a distinct swelling below the glume insertion (Figures 5G–J). Such rachises were attributed to Triticum durum/turgidum species (Table 1). Having internodes that belonged to more than one free-threshing wheat species, it was impossible to attribute free-threshing wheat caryopses to particular wheat species. Therefore, all caryopses belonging to free-threshing wheats were clustered as Triticum aestivum/durum/turgidum according to the spherical caryopses. Similarly to barley, the free-threshing wheat grains possessed highly compact caryopses morphotypes with a strikingly large variation in grain size (Figure 4).


[image: Figure 6]
FIGURE 6
 Caryopses of Triticum aestivum (A,B), Triticum sp. (cf. glume/ tetraploid wheat or T. carthlicum) (C,E,F), and Avena sp. (G).


In addition, a rachis internode belonging to Triticum carthlicum, which contains very characteristic elongated rachis internodes with visible veneration, was identified for the first time (Figure 5E). The caryopses of this free-threshing species of wheat were more elongated than Triticum durum/turgidum caryopses and contained a deeper ventral furrow and higher dorsal keel, similar to emmer glume wheat. Other wheat species, likely glume wheats, were probably also present in the Chap II assemblage, as seen from the recovered glume bases with visible striations (Figures 5K,L) and more elongated caryopses with a pronounced keel (Figures 6C,E,F). Therefore, such wheat caryopses were clustered together with Triticum carthlicum, which is known to be present in the assemblage. Among other cultivated crops, the remains of oat (Avena sp.) (Figure 6G) and one poppy (Papaver sp.) were identified. Yet, those solitary finds do not allow us to make any further interpretation or identification of species.

Thousands of fragmented cereals, counted as “Cerealia,” were recovered from food preparation places or waste pits. They were found together with carbonized food fragments characterized by porous or amorphous-like matrices and burned, lumpy conglomerates (Figure 7). These charred food pieces probably represent the remains of bread or porridge. Yet, future analysis using SEM microscopy needs to be done to allow further identification of these conglomerates.


[image: Figure 7]
FIGURE 7
 Remains of charred starchy conglomerates found in the context 3.8 interpreted as a oven.


The wild plants belonged to 14 plant families and over 56 species (Table 1) as more than one species within a genus of Galium or Carex were noted. The prevailing wild plant remains belonged to Amaranthaceae family, dominated by Chenopodium sp. (goosefoot). The second and third most abundant plant genus is the Cyperaceae family, represented by at least five Carex sp. (sedges), and the Rubiaceae family represented by a few species of Galium sp. (Table 1, Figure 8). The Caryophyllaceae family is represented by Silene noctiflora and Vaccaria sp.; the Fabaceae family is represented by the Melilotus, Medicago, Trifolium species. It was not always possible to separate Melilotus/Medicago/Trifolium sp. apart as charring frequently distorted the seed shape and size. Among the Poaceae family, cf. Eragrostis sp. (both caryopses and florescence) was the most frequently found in most of the analyzed contexts.


[image: Figure 8]
FIGURE 8
 Most dominant wild plant taxa from Chap II site: Medicago/Melilotus spp. (A), Galium sp. (B), Eragrostis sp. (C), Carex spp. (D), and Eragrostis sp. inflorescence (E).




Taphonomy

The analyzed assemblage represents food cooking and crop processing and domestic waste discharge locations that contain preserved carbonized plant remains. The taphonomic conditions were very good for preserving charred plant remains at Chap II, as not only cereal grains and chaff were present, but also fragile fluorescence and thorns were abundantly found in the archaeobotanical assemblages. Future experimental work should be conducted to identify whether the plant remains preserve better in high-altitude environments due to reduced oxygen conditions during charring than in lowland sites.

The wood charcoals were not quantified at the Chap II site, but they were present in all analyzed contexts. The largest fragments of wood charcoal (up to 1 cm in size) were recovered in fireplaces and oven as well as in the pit 4.3. An anoxic condition in the enclosed ovens undoubtedly had an influence on wood preservation. No pellets of carbonized sheep dung, as previously abundantly recovered at Chap I site (Motuzaite Matuzeviciute et al., 2020b), were noted at Chap II site, and it is likely that wood rather than dung was the main fuel source here.

Unusually, high quantities (over 2,000 fragments) of cereal fragments were identified in pit 2 (that is the same context as 3.7) (Figure 2). This could indicate a waste dump from the fireplace where some sort of crop processing activities took place. More detailed analysis is needed to identify whether the fragmentation of cereal is a part of taphonomic process of fragmentation during entire grain charring or a part of food preparation activity, such as course porridge or bulgur wheat-type food.

Small seeded plants were identified together with larger caryopses of domesticated grasses in all contexts. That would infer that the domestic waste where crop processing and cooking activities took place was discarded into fires and later into waste pits. The presence of wild plant seeds in all the contexts could also indicate that along with wood, dried animal dung could have also been used as a fuel (although no pellets were identified).



Radiocarbon dating

Radiocarbon dates modeled with Bayesian statistics from the Chap II site all fell into a very tight occupation phase dated between the 2474–2302 cal BCE period and finished between 2336–2162 cal BCE. Despite differences in stratigraphy, where fireplace 3.7/2.8 was located higher than the oven/hearth 3.8, and where the human grave buried inside of the abandoned oven was dug at a later date, it looks like all activities at the site took place between 2474–2162 cal BCE (Table 2, Figure 9). The radiocarbon dates from the Chap I sites were also included in the Bayesian statistics model, clearly showing an occupation horizon from over a thousand years later, which started between 1102–926 cal BCE and ended 916–816 cal BCE (SOM 1).
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FIGURE 9
 Radiocarbon chronology for Chap II. Modeled radiocarbon dates measured on plant seeds, human, and faunal bone from Chap II in relation to the later occupational period of Chap I. Three AMS dates from Chap II and all dates from the Chap I site were previously published (Motuzaite Matuzeviciute et al., 2020a,b).





Discussion

Chap II represents the earliest settlement site on the southeastern fringes of Central Asia to have revealed the established agricultural practices in the region. The Chap II site shows a broad assemblage of cultigens consisting of at least three species of free-threshing wheats and possibly glume wheats, naked, and some hulled barleys. Although the free-threshing wheats were not differentiated into species, it is most likely that the majority of free-threshing grains belong to bread wheat (Triticum aestivum), while the majority of barley belong to naked varieties. The solitary finds of oat and poppy identified only to genus level likely represent wild species. The cereal chaff remains, belonging to hulled and naked barleys, free-threshing and possibly glume wheats, show local cereal cultivation and processing.

The Chap II assemblage represents the initial array of cultigens that left southwest Asia and dispersed to the east following the Inner Asian Mountain Corridor. As this southwest crop package continued to journey further east and north across subsequent mountain ranges, only hexaploid free-threshing wheat (Triticum aestivum) and naked barley (Hordeum vulgare var. nudum) have been found across the other side of the mountain range, at 3rd millennium BCE sites in present-day China (Flad et al., 2010; Liu et al., 2016; Stevens et al., 2016; Zhou et al., 2020). From this period, hulled barley or glume wheats have also been found in the foothill sites of Tajikistan and Kashmir (Spengler and Willcox, 2013; Betts et al., 2019; Yatoo et al., 2020). Yet, in most archaeobotanical assemblages from foothill or mountain valley sites of Central Asia, naked barley and bread wheat dominate the recovered assemblages (Spengler et al., 2014; Motuzaite Matuzeviciute et al., 2020a). Although future and more extensive studies, especially in western China, might change this current pattern, it appears that during the 3rd millennium BCE, the crop package on the western side of the mountain chain contained a much wider array of southwestern crop packages than that identified on the eastern side. This could possibly suggest that the mountain highlands acted as a filter for a selective set of species. Only those landraces of naked barley and bread wheat were selected that provided an adaptive advantage to mountain environments as they dispersed into novel ecogeographies. The selection of compact caryopses morphotypes for free-threshing wheats and naked barley is clear at the Chap II site. Yet, Chap II site is not unique in this respect, as the compact morphotypes of bread wheat and naked barley were also identified at other high-altitude sites in the Tien Shan, Dzhungar Alatau, and Altai Mountains dated between the 3rd and 2nd millennium BCE (Figure 1) (Motuzaite Matuzeviciute et al., 2021a) as well as in other ecogeographies of western Central Asia and India that are dated earlier than the assemblages in the mountainous regions of eastern Central Asia (Weber, 1991; Moore et al., 1994; Miller, 1999, 2003). Therefore, it should be emphasized that such compact morphotypes of wheat and barley did not evolve in the mountains but were selected as preferred morphotypes during the pioneer crop dispersal from the west further to the east. Very little is known about where those compact wheats originated, what their growing requirements were, and whether those varieties are related to modern landraces of wheat that are cultivated in Central Asia (Spengler, 2019).

The observations of barley landraces across the world collected by botanist A. Vavilov show unique adaptations of barley to specific ecogeographies, and the barleys in Central Asia, in particular, are characterized by being diverse in their morphological and adaptive characteristics (Knüpffer et al., 2003). According to modern analogies, the barley or wheat that possess compact and spherical grains usually, but not always, have short compact plant morphology. For example, the East Asiatic barleys are generally characterized by short straw (dwarfness) containing short spikes, and small, almost spherical caryopses, while the dwarf wheats (Triticum aestivum L. ssp. sphaerococcum) also have compact grain morphotypes (see, e.g., Knüpffer et al., 2003; Mori et al., 2013; Skrajda-Brdak et al., 2020). Landraces of barleys from Syria and Palestine are short and characterized by compact, very rigid spikes, and a strong waxy cover on culm and leaves, while barleys in Tibet at 4,500 m.a.s.l. contain dense spikes and small-to-medium-sized caryopses, tall plants that are extraordinarily prostrate, with thick straw, and long, very broad leaves, moderately resistant to lodging (Knüpffer et al., 2003). Compared to non-compact forms, compact varieties of cereals exhibit greater standing power against extreme weather conditions, such as strong winds and intense rains that can cause lodging and stem breakage (Motuzaite Matuzeviciute et al., 2018, 2021a; Spengler, 2019).

Again, we speculate that the selection of adaptive to mountainous or any marginal environments properties, such as reduced tillering, lodging, thick straw, drought-resistant waxy forms, or breaking of photoperiod sensitivity, could have resulted in the caryopses compact morphotypes as we see in Chap II and other archeological sites. The evolution of more compact grain morphotypes in wheat and barley could have resulted from pleiotropic effects in selecting plants that were advantageous for crop adaptation in marginal environments.

As was already mentioned, at the Chap II site, the resilience of naked barley and bread wheat in mountainous environments can be seen not only from the compact grain morphotypes but also from the large variation in cereal grain sizes (Figure 4). It should be mentioned that the Chap II site for this matter is not an exception. Large variability in caryopses sizes was detected in all archaeobotanical samples from the mountain regions of the Central Tien Shan (Motuzaite Matuzeviciute et al., 2018). The high variation in compact caryopses size in both bread wheat and naked barley varieties at the Chap II and other sites of the Central Tien Shan can be linked with thermal and water stress at the stage of grain filling during the summer (Magliano et al., 2014) or varying soil fertility in cultivated fields (van Bommel et al., 2021). Previous experimental research has shown that plants experiencing physiological stress from differences in water availability, ambient temperature, or amount of nutrients during grain filling resulted in grain size diminution, due to interference in the deposition of carbohydrates in the grains (Nicolas et al., 1984; Blum, 1996a,b, 1998). Furthermore, the growth rate per grain depends also on the floret position within the ear (Sofield et al., 1977). Therefore, variation of grain size, as seen in the archaeobotanical assemblage, could also be from large grain differences within the same ear (Reed et al., 2019).

Along with adaptability to the local environment, naked barley and bread wheat were preferred by pioneer farmers probably also due to the simplicity of their threshing and culinary properties as human food. Knüpffer et al. (2003) note from landrace examples in diverse ecogeographies that in the high-altitude regions, the naked barleys were selected by mountain populations due to their greater cold-hardiness. The “naked” or “hulless” barley caryopses could also be an important trait for cultivation in high altitudes due to its ability to produce purple or black pigmented caryopses caused by anthocyanins (Zhang et al., 2021). These compounds are antioxidants and have protective properties against damage caused by high levels of UV radiation at high altitude. In turn, the intensive UV light eliminated various fungal diseases that naked barley caryopses are prone to in lower altitudes. Anthocyanin-rich purple highland barley also provides multiple health benefits to humans (Zhang et al., 2021). It was suggested that naked barley in the highlands produces higher grain yields, generates more overall biomass, and matures faster than hulled varieties (Ghimire et al., 2019).

The reasons why other species such as hulled barley or glume wheats were filtered out along the way during the initial stage of crop dispersal are probably due to their poorer adaptability to mountainous ecosystems during their early stages of dispersal, and their inability to adapt to seasonal climatic changes. Genetic changes in plants through alteration in flowering and length of the growing season can have a dramatic effect on a crop's ability to grow successfully in novel environments (Fuller and Lucas, 2017). The seasonal pattern of free-threshing wheat and naked barley planting at the Chap II site was probably unsuitable for other wheat species and hulled barley varieties; therefore, they were found in such small quantities. It is likely that the dominant species of the pioneer crops were planted just during the autumn, as winter crops, or just in spring as summer crops. The seasonality pattern of crop planting became much more variable during the 1st millennium BCE with both winter and summer cereals present (Lister et al., 2018; Motuzaite Matuzeviciute et al., 2021b). During the 1st millennium BCE, both hulled and naked barleys are frequently identified in archaeobotanical assemblage of the Chap I site (Motuzaite Matuzeviciute et al., 2021b). Previous research using a niche model to examine the impact of changing temperatures across a wider geographical scope on the human ability to cultivate different crop species has shown a strong correlation between temperature variation and crop transmission across time and space (d'Alpoim Guedes and Bocinsky, 2018).

It is interesting that out of 686 l of sediment samples from multiple archeological contexts floated and analyzed at the Chap II site, no evidence of broomcorn or foxtail millets was found. On the cont, broomcorn millet was recovered at the contemporaneous site of Begash located at 900 m.a.s.l. in the neighboring region of Semirechye (southeastern Kazakhstan) (Frachetti et al., 2010). Both broomcorn and foxtail millets and wild Panicoid grasses appear in Kyrgyzstan at the sites of Uch-Kurbu (in a layer dated to 1366–1124 BCE) and Chap I (dated to c. 1065–825 BCE) (Motuzaite Matuzeviciute et al., 2018, 2020b). Stable isotope analysis of both human and animal bone collagen showed that during the 3rd millennium BCE in Kyrgyzstan, only solitary individuals were eating C4 plants, while between 1300 and 1000 BCE there was a clear increase in C4 plant consumption among both humans and animals as millet became a frequent dietary source for the ancient population of Kyrgyzstan (Motuzaite Matuzeviciute et al., 2022). Here, we can support a previous argument (Motuzaite Matuzeviciute et al., 2020a) that the definitive absence of millet at Chap II at 2000 m.a.s.l. altitude during the second half of the 3rd millennium BCE represents an elevational ceiling for millet cultivation, likely influenced by climatic conditions during this particular episode of farming establishment.

Although it is outside of the scope of this paper to discuss in detail ecological niches and adaptation of wild plant taxa at the Chap II site, some of which probably traveled together with the agricultural package, instead we only focus on dominant plant taxa that infer human action in facilitating crop adaptation in alpine ecosystems. During the occupation of the Chap II site, wild plant taxa reveal a set of well-watered meadow vegetation dominated by sedges (Carex sp.) and various legumes (Melilotus/Medicago/Trifolium sp.). Goosefoot (Chenopodium sp.) was also frequent together with bedstraw (Galium sp. genus). The majority of Galium and Chenopodium genus plants of Central Asia inhabit nitrogen-rich, often moist, meadows modified by intensive agricultural and pastoralist activities (Fisyunov, 1984; Spengler, 2018). Together with a favorable and more humid climate, it is plausible that irrigation technologies were also present in the Chap II surroundings to facilitate successful crop cultivation in the highlands of the Tien Shan. Similar vegetation consisting of alfalfa (Medicago sativa) also called lucerne of the legume family, together with foxtail and barnyards grasses, currently grows in well-irrigated meadows in the Kochkor valley, while sedges nowadays are frequently found along water irrigation channels. Research by Rouse et al. (2021) has shown the past existence of complex ancient irrigation channels in the Kochkor valley. Although their dating is not clear, the existence of ancient irrigation systems demonstrates the importance of water management systems in the past for maintaining agriculture in the valley.

Paleoclimatic data from this part of the Tien Shan mountains show an increase in moisture at the onset of agricultural dispersal around 4000 BCE (Chen et al., 2016). Within the humid episodes that likely facilitated agriculture dispersal in the mountain highlands, several rapid cold episodes were detected at around ~2200 BCE and ~700 BCE (Leroy and Giralt, 2021; Spate et al., 2022). The identified cooling episodes roughly overlap with the abandonment of the Chap II and Chap I sites (Figure 9). Yet, further research needs to be done to understand the reasons for the site abandonment and the influence of the changing climate on these events. The populations in the high-altitude mountains are particularly sensitive to cold spells and long-term climatic changes as they inhabited marginal territories situated at the edge of the agricultural limit.



Conclusion

The archaeobotanical assemblage of Chap II represents the earliest known occupation by an agropastoral community in the Central Tien Shan at 2,000 m.a.s.l. dated between 2474 and 2162 cal BCE (AMS n-14). It also represents the largest assemblage of cultivated plant species, their chaff, and wild plant taxa in the region showing local crop production and processing. The archaeobotanical samples were obtained from 12 contexts totaling 680 l of floated sediment. Therefore, the Chap II site represents a role model site for understanding agricultural resilience and adaptation by the first farmers in the Central Tien Shan mountains.

The Chap II site constitutes the eastern pocket of the southwest agricultural package within the mountains of Central Asia dominated by compact bread wheat species and naked barley, while other free-threshing wheats belonging to T. turgidum/durum and T. carthlicum along with hulled barley, probably glume wheat were also present. Therefore, the Chap II site represents a tipping point where the wider array of SW Asian cultigens gets reduced just to two species as agriculture advanced further into the territories of present-day China along the IAMC during the 3rd millennium BCE.

While it is beyond archaeobotanical research methods, it could be only speculated what adaptive qualities of bread wheat and naked barley provided these species with the necessary resilience to survive in high-altitude mountainous climates and withstand strong winds, rainstorms, and other climatic stressors. The environmental stress and climatic variability that early crops were affected by can be observed from the large variability in caryopses size among plants. Other genetic and phenotypic changes, invisible in archaeobotanical datasets, such as adaptation to growing season and resistance to diseases, thick straw, and sturdy plant morphotype could have given an advantage to naked barley and bread wheat crops in high altitudes.

In addition, the pioneer farming systems in the mountain zones of Central Asia were likely facilitated by additional watering and possibly manuring of crops. Yet, further research measuring carbon (δ13C) and nitrogen (δ15N) isotopic compositions of cereal grain and changes in stable isotope values over time could help to validate this claim.
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In archeological studies, the Qin people have often been a subject of research. The areas of investigation about the Qin include their origin, structure of tombs, funeral rites and interment processes, and cities and settlements. Although there are some studies on the Qin people’s diet which were conducted through isotope analyses, research on the agricultural system of the Qin people is still limited, especially during the period from the Qin people’s settlement in the Guanzhong Basin to the First Emperor bringing the seven states under his dominion. In the backdrop of the Warring States Period, it is necessary to investigate the nature of the Qin people’s agricultural economy and how it impacted their social progress. This study evaluates the Qin people’s agricultural practices based on flotation results from the Matengkong site, located southeast of the Guanzhong Basin in Shaanxi province. The results showed that the inhabitants practiced multi-cropping, and the crop assemblage comprised five categories, including dominant foxtail millet (Setaria italica) and wheat (Triticum aestivum), important broomcorn millet (Panicum miliaceum), less important soybean (Glycine max) and adzuki bean (Vigna angularis), less utilized barley (Hordeum vulgare), and cannabis (Cannabis sativa), and rice (Oryza sativa) of the lowest utilization. Wheat planting played a consistent and important role in agricultural production, and it appears to have had a high yield as same as foxtail millet. However, it appears to have contributed a small part of dietary intake. Rice does not appear to have been an important part of the Qin people’s subsistence at the site and there is no supporting evidence that rice was grown at Matengkong. Rather, it is possible that rice might have been imported from Chu, a neighboring state to the south of Qin, through the ancient mountain passage. Adzuki bean, as a kind of crop resource, was widely used during the Zhou Dynasty. Moreover, Chenopodium sp. and Vitex negundo appear to have been intentionally used because of the high density in each single sample, but they might be multifunctional in nature.

KEYWORDS
Qin people, Eastern Zhou Dynasty, Guanzhong Basin, archaeobotany, multi-cropping, wheat, rice


Introduction

The Qin Empire played an important role in the development of Chinese civilization. Historically, the consensus has been that the Qin people replaced the Zhou to take Guanzhong Basin as their capital and environs. The Qin people gained complete victory during the end of the Warring States Period (475–221 BC), leading to the establishment of the Qin Dynasty (221–207 BC), which was the first unified multi-ethnic feudal empire of China (Sima, 1959; Wang, 2006; Liang, 2020).

The Guanzhong Basin is situated between the Qinling Mountains and Loess Plateau, ranging from Baoji in the west to Weinan in the east. It is an alluvial plain formed by the branches of the Yellow River, such as the Wei River, Jing River, and Luo River (Zhang, 2016). The landform is open and flat with fertile soil (Huang, 1988). The climate in this region is typically temperate monsoon with four distinct seasons and moderate temperatures, which has afforded the Qin rich agricultural production (Nie, 1981). However, there is a dearth of literature examining the Qin people’s economics, and it is better to rely on archeological discoveries and research that often are associated with various sciences and technologies, such as archaeobotany.

Archaeobotanical research on the Guanzhong Basin has mainly focused on the Neolithic Period Sites, e.g., Zhouyuan (Zhao and Xu, 2004), Yuhuazhai (Zhao, 2017), Dongyang (Zhao, 2019), Yangguanzhai (Tang et al., 2020a), Xinglefang (Liu H. et al., 2013), Xiahe (Shang et al., 2012), Anban (Liu, 2014), and Xinjie (Zhong et al., 2015). There are a few archaeobotanical studies on the sites of the Bronze Age, such as Dongyang (Zhao, 2019), Gongbeiya (Tang et al., 2020b), and Zhouyuan (Zhao and Xu, 2004). However, these are all studies about the Zhou people’s diet and agricultural practices. By analyzing the flotation results from the Matengkong site, a Qin cultural site, it is possible to study the Qin people’s plant utilization, especially crop resources, after the Zhou people’s emigration to the Central Plains.


Background of the Matengkong site

The Matengkong Site (109°2′12.4″E, 34°12′42.6″N) is located in the Matengkong Village, Xi’an City, in the Shaanxi Province in the southeastern region of the Guanzhong Basin. The site is on the second terrace on the west bank of the Chan River (Figure 1), with an area of about 3 ha; in the past, it was a small low-status settlement that represented an average farming settlement, and hence, the everyday subsistence of Qin people during this period. From 2016 to 2018, the Shaanxi Academy of Archeology excavated the site scientifically and systematically (Figure 2). Chronologically speaking, there are five cultural strata of the site, including the Yangshao Period, and the Eastern Zhou, and Sui, Ming, and Qing dynasties, among which cultural relics from the Eastern Zhou Dynasty (770-256 BC) are abundant, including the Spring and Autumn Period (770-476 BC) and the Warring States Period (475-221 BC) (Wang and Xu, 2019). More than 270 tombs of the Qin people from the Eastern Zhou Dynasty have been unearthed, which were located in the north of the dwelling zone (Wang and Xu, 2019).
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FIGURE 1
Location of Matengkong and Shang-Wu Road (The light blue shadow covers the Shang-Wu Road).
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FIGURE 2
(A) Overview of the Matengkong site (red arrow showing the exact location). (B) On site excavation in 2016–2018 (prepared by Zhiyou Wang).





Materials and methods

For accurate information regarding the distribution of plant remains as well as the Qin people’s utilization of plants, soil samples from 2016 to 2018 were collected from the ruins, such as ash pits, dwelling floors, and kilns (Zhao, 2004, 2010). In total, 108 soil samples were collected, which have been presented in Table 1 along with their chronological backgrounds. Because of the small sample size of the Yangshao, Spring and Autumn, and Sui and Tang periods, this study is only an analysis of the plant utilization of the Qin people from the Warring States Period to the Qin Dynasty, from which 838.6 L of soil were collected in 87 samples. The Qin Dynasty was short-lived, lasting for only 15 years (Sima, 1959), and in terms of Qin cultural relics, there is no precise method to distinguish the Warring States Period from the Qin Dynasty. Therefore, the 87 samples under examination were categorized together roughly as between the Warring States Period and Qin Dynasty.


TABLE 1    The background of flotation samples from 2016 to 2018 at the Matengkong site.
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The plant remains were floated at the site by the wash-over bucket flotation method (Pearsall, 2000; Zhao, 2004; Fuller, 2008). Plant macro-remains were collected in sieves of the mesh size of 0.2 mm, air dried, and then further studied in the Archaeobotanical laboratory, School of Cultural Heritage, Northwestern University, for identification and analysis. The characteristics of the morphology of the plant seeds were observed and photographed under a Nikon SMZ25 stereomicroscope. The revised English version of Flora of China was followed for plant nomenclature.

An array of quantitative statistics are conducted, such as absolute number, percentage, ubiquity, and density of seeds. As for the procedures employed in the laboratory, we followed the guidelines enumerated in the Paleoethnobotany: A Handbook of Procedures (Pearsall, 2000, 2015), Specification for the flotation work and laboratory analysis of archeological plant remains (National Cultural Heritage Administration, 2012), and Laboratory Procedures of Paleoethnobotany (Zhao, 2010).



Results

In total, 48,432 carbonized plant remains were found in 87 soil samples (see the Supplementary material of identification results in detail), including crop remains and non-crop remains, all of which can be grouped into 38 categories, representing 19 plant families (Supplementary Table 1). Among them, there were 17,708 seeds of eight kinds of crops (Figure 3), including foxtail millet (Setaria italica), broomcorn millet (Panicum miliaceum), wheat (Triticum aestivum), barley (Hordeum vulgare), rice (Oryza sativa), soybean (Glycine max), adzuki bean (Vigna angularis), and cannabis (Cannabis sativa). Foxtail millet and wheat were found to be two of the most critical crops among the crop remains, with foxtail millet being more ubiquitous than wheat. The ubiquity for foxtail millet was 100% with 15,490 grains, and that of wheat was 85.06% with 1,612 grains. The other crops were in the minority exhibiting low quantities and ubiquity. For example, broomcorn millet showed 34.48% ubiquity with 406 grains; the two kinds of legume, soybean, and adzuki bean, showed around 20% ubiquity with less than 100 grains; barley showed 13.79% ubiquity with 32 grains; cannabis showed 6.90% ubiquity with 11 grains; and finally, rice showed 3.45% ubiquity with only 10 grains.
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FIGURE 3
Main crop macro-remains and some larger quantities of non-crops macro-remains. (A) Setaria italica, (B) Panicum miliaceum, (C) Vigna angularis, (D) Oryza sativa, (E) Hordeum vulgare, (F) Cannabis sativa, (G) Glycine max, (H) Triticum aestivum, (I) Vitex negundo, (J) Lespedeza sp., (K) Melilotus sp., (L) Chenopodium sp. scale bars = 1 mm.


A total of 30,724 non-crop seeds and seed fragments were identified from Matengkong (Figure 4), such as Setaria sp., Fabaceae, Avena fatua, Phalaris arundinacea, Glycine soja, Vicia sepium, Lespedeza sp., Melilotus sp., Vitex sp., Vitex negundo, Vitex negundo var. heterophylla, Chenopodium sp., Salsola collina, Suaeda glauca, Kochia scoparia, Malva sp., Apiaceae, Viola sp., Allium tuberosum, Acalypha australis, Galium tricornutum, Fimbristylis sp., Schoenoplectus triqueter, Polygonaceae, Polygonum lapathifolium, Patrinia sp., Thladiantha dubia, Calystegia hederacea, Plantago asiatica, Vitis sp., and Ziziphus jujuba. The taxonomic level of identification varied depending upon the quality of the specimen, the amount of morphological distinguishability among species in a genus, and the availability of comparative specimens for all species of that particular genus/family.
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FIGURE 4
Other non-crops macro-remains in smaller quantities. (A) Setaria sp., (B) Avena fatua, (C) Phalaris arundinacea, (D) Glycine soja, (E) Vicia sepium, (F) Vitex sp., (G) Vitex negundo var. heterophylla, (H) Salsola collina, (I) Suaeda glauca, (J) Kochia scoparia, (K) Malva sp., (L) Apiaceae, (M) Viola sp., (N) Allium tuberosum, (O) Acalypha australis, (P) Galium tricornutum, (Q) Fimbristylis sp., (R) Schoenoplectus triqueter, (S) Polygonaceae, (T) Polygonum lapathifolium, (U) Thladiantha dubia, (V) Calystegia hederacea, (W) Vitis sp., (X) Ziziphus jujuba, scale bars = 1 mm.


Among the plant remains from the Matengkong site, the quantity and density of Chenopodium sp. were both unusually high. The quantity of this kind of nutlet in one sample from the ash pit H1835 was up to 26,240 contained in 19 L of soil. To avoid underestimating the roles that 79.79% of components played in the plant assemblage, the data of Chenopodium seeds are excluded from statistical analysis. Of course, it can certainly be inferred that Chenopodium sp. played an important role in ancient times, which is discussed in Section “Discussion” below.



Discussion


The characteristics of the crop assemblage at Matengkong

The crop assemblage at Matengkong from the Warring States Period to the Qin Dynasty was arranged in order of rank derived from the quantitative analysis. It shows the decreasing importance from foxtail millet and wheat to broomcorn millet, soybean and adzuki bean, barley, cannabis, and rice (Table 2 and Figure 5).


TABLE 2    Crop seed quantity, percentage, and ubiquity at Matengkong from the Warring States Period to the Qin dynasty.
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FIGURE 5
Crop percentage of absolute quantity and ubiquity at Matengkong from the Warring States Period to Qin Dynasty (N = 87).


Foxtail millet and broomcorn millet were typical dryland crops in northern China in ancient times, and they were characterized by their strong stress tolerance, drought resistance, barren tolerance, and salinity resistance (Yu, 2003). Wheat was the second main crop in the dryland farming system at Matengkong after foxtail millet. Legumes, including soybean and adzuki bean, provide plant-based protein and are important crops as well. Barley, cannabis, and rice account for a small percentage of crops, which means that they may have been used as some kind of supplementary crops in the multi-variety planting system. Although the cannabis seeds from the female plant are described as an edible food in Shi Jing 诗经 (Liu, 2017), the slender fiber was more extensively used for weaving clothes in ancient China (Zhao, 2010; Liu and Sun, 2019). Thus, few cannabis seeds were found at most of the sites in China, which can be attributed to their utilization (Liu, 2017).

The flotation results show that the inhabitants of Matengkong practiced dryland farming that largely consisted of foxtail millet and wheat. Broomcorn millet was a kind of supplementary crop. Considering the many advantages of the multivariate crop planting system, it may have motivated the Qin people’s social progress. These advantages include raising the total value of agricultural output, reducing natural disasters, and increasing the diversity of crops (Zhao, 2005, 2011).



The utilization of wheat

It had been around 2,000 years since wheat was diffused into the Yellow River region from West Asia (Zhao and Fang, 2007; Wang et al., 2011; Zhouyuan Archaeological Team, 2011; Jin et al., 2013; Ma, 2017; Zhao, 2019). The use of wheat had been well documented in China’s history. For example, regardless of whether the concepts were five grains 五谷, six grains 六谷, or nine grains 九谷 as recorded in Zhou Li 周礼, wheat was involved as a significant crop (Yang, 2010). Master Lv’s Spring and Autumn Annals 吕氏春秋 indicated that in the first month of summer when peasants delivered new wheat, the king would taste it along with pork after offering it to the ancestral temple. In addition, in the second month of autumn, people were urged to sow wheat and not to miss the farming season. Those who failed would be punished accordingly (Tang, 2010; Yang, 2010). Therefore, it can be inferred that wheat was closely related to people’s daily life in the Zhou Dynasty, and wheat cultivation was closely associated with national sacrifices and ordinances.

Wheat appears to have become increasingly important in agricultural production during the Bronze Age in China (Zhao and Fang, 2007; Wang et al., 2011; Zhouyuan Archaeological Team, 2011; Jin et al., 2013; Ma, 2017; Zhao, 2019; Deng et al., 2020; Tang et al., 2022; Supplementary Figures 1, 2). However, there is a contrast in the data analysis of wheat from this site. Compared with the main crop foxtail millet, the ubiquity of wheat is the second highest (Figure 5), whereas the percentage of the absolute quantity and density are quite low (Figures 5, 6 and Supplementary Table 2).
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FIGURE 6
Box plots of the densities of foxtail millet, broomcorn millet and wheat from Matengkong site.


Thousand Kernel Weight (TKW), rows per ear, ear diameter, kernels per row, and kernel percentage were found to be positively correlated with yield. Unfortunately, TKW was the only available item to roughly calculate the weight ratio of foxtail millet and wheat that were deserted at this site given that the crop remains are almost kernels (Table 3). The modern range of foxtail millet TKW is 1.31–3.46 g (Wu et al., 2021) and the modern range of wheat TKW is 32–40 g (Yu, 2003). Table 3 reveals that the range of the weight ratio of the two crops available at Matengkong is 0.39–0.83, as follows:

[image: image]


TABLE 3    The original weight of seeds and the ratio between foxtail millet and wheat at Matengkong based on their quantity and TKW.
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where N1 = number of foxtail millet grains, N2 = number of wheat grains, P1 = Weight ratio of foxtail millet and wheat, P2 = Weight ratio of foxtail millet and wheat.

Given the condition that the bigger grains might be less easy to save at archeological sites so that wheat is supposed to be much more than its quantity available at Matengkong because it could easily be picked up by the inhabitants of Matengkong and easily uncharred than millet seeds (Jin et al., 2012; Wang et al., 2015; Zhao, 2019), the weight ratio of the two crops available at Matengkong would be much lower. In view of the range of the modern per unit yield ratio of foxtail millet and wheat is 0.43–0.63, it suggests that the wheat was cultivated by most households and its yield was as high or the same as foxtail millet.

Although wheat planting played an important role in the agricultural economy of the Qin people, it appears to have provided only a small part of their dietary intake. The δ13C analysis of the skeletons of the Qin people unearthed from other nearby sites revealed that their vegetative food was reliant on C4 plants which account for approximately 80% of it (Cai and Qiu, 1984; Zhang et al., 2003; Wei et al., 2009; Ling, 2010; Ling et al., 2010a,b, 2019; Wang et al., 2019; Table 4 and Supplementary Figure 4). Hence, it would be useful for further research on the isotope analysis of the Qin people’s skeletons of Matengkong to be carried out in the future.


TABLE 4    Human bone δ 13C and δ 15N values before and after the Qin people entered the Guanzhong area.
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The dynamics of rice occurrence at Matengkong

Rice originated in the middle and lower reaches of the Yangtze River in China. Given only 10 grains of rice have been found, it can be inferred that it was of little importance to the Qin people’s agricultural production and their diet at the Matengkong site. The flotation results from the sites of the Zhou Dynasty also provide evidence of rice being rare in the region of the Middle Yellow River (Tang et al., 2022). Compared with this, at Xinjie, a Neolithic site in the Guanzhong Basin, plenty of rice remains, including grains and spikelet bases, were found (Zhong et al., 2015).

This situation may echo the decreasing intensity of the Holocene Asian Monsoon since 4,500 a BP (Wang et al., 2005), and the intensity of the monsoon is positively correlated with precipitation. Wang et al.’s (2005) study reveals the increasing intensity of the monsoon which had restarted from around 500 a BP, and the level of recent times had almost been as high as the Yangshao Period (7,000–5,000 a BP). This situation might be supported by the fact that today there are over 50 ha of paddy fields at Wangmang Town by the northern foothills of the Qinling Mountains, only 30 km away from Matengkong (Supplementary Figures 5, 6).

Within the analysis, no rice spikelet bases were recovered from the samples from Matengkong. Rice spikelet bases are one of the waste by-products from the process of de-husking, and their presence would normally indicate that the rice was grown locally (Fuller and Weber, 2005). As such, given their absence, there is no supporting evidence that rice was grown at Matengkong, and the resulting possibility is that rice might have been introduced from the Chu, a neighboring state to the south of Qin.

It is worth noting that three bronzes items (one tripod, one wine jar, and one basin) in Chu style were unearthed from Matengkong (Wang and Xu, 2019), based on which it can be inferred that there was communication between the Qin and Chu, who were located in the north and south of the huge Qinling–Dabashan Mountains, respectively. The ancient mountain passage likely played an important role in the connection between the Qin and the Chu, e.g., Shang-Wu Road (Quan, 2015; Xu and Pei, 2016) was one such mountain passage and it is still available for use (Figure 1 and Supplementary Figure 3).



The utilization of adzuki bean

The quantity and ubiquity of adzuki beans from Matengkong were higher than those in other contemporary sites. Thus, such beans were certainly an important resource (CASS, 1959; Zhao, 2010; Wei et al., 2017; Wang, 2018; Wei, 2018; Guo et al., 2019; Liu and Sun, 2019; Ma et al., 2019; Zhong et al., 2020). Compared with soybeans, adzuki beans are much easier to boil thoroughly, much milder in flavor, and rich in protein and vitamins (Liu and Sun, 2019); this is why it was favored by the Matengkong people.

According to studies on molecular genetics, the origin of adzuki beans domestication is polycentric; the area of origin includes China as well as Japan and the western regions of the Himalayas (Yamaguchi, 1992; Zong et al., 2003; Tao, 2017). Archeological evidence showed that the starch of Vigna spp. existed at the sites from the Upper Paleolithic Period to the middle Neolithic Period (Liu et al., 2010, 2014; Yang and Jiang, 2010; Liu L. et al., 2013; Chen, 2019; Sun et al., 2019). In other words, the ancient inhabitants of northern China had acquainted themselves with gathering, grinding, and eating Vigna spp. 10,000 years ago.

The oldest established presence of carbonized adzuki beans was found in the Liangchengzhen site in Shandong Province, where they are associated with the Longshan Culture (2,600-1,900 BC) (Crawford et al., 2005). Tao’s (2017) study showed that the adzuki bean (Vigna angularis) had been an important crop since the period of the Shang and Zhou dynasties. However, the domestication of the bean began in China during the Longshan Period (Crawford et al., 2005; Tao, 2017). In fact, the number of sites from which adzuki beans were unearthed was obviously more during the period from the Zhou dynasty to the Han dynasty when the utilization of adzuki beans was expanded (Figure 7 and Supplementary Figure 7).
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FIGURE 7
The distribution of Vigna and Vigna angularis unearthed from archeological sites in China. Vigna angularis, Vigna, Starch granules before the Zhou Dynasty: (1) Liangchengzhen, (2) Wangjiacun, (3) Huadizui, (4) Zhongba, (5) Guiyuanqiao, (6) Baodun, (7) Zhonghaiguoji, (8) Longwangmiao, (9) Henglanshan, (10) Yangguanzhuang, (11) Dadunzi, (12) Jinsha, (13) Kuahuqiao, (14) Xiaohuangshan, (15) Shishanzi, (16) Lingjiatan, (17) Jiahu, (18) Qingtai, (19) Niubiziwan, (20) Shizitan. Vigna angularis, Vigna, Starch granules from Zhou to Qin and Han Dynasties: (1) Matengkong, (2) Han Tombs of Xi-An City, (3) Shilipubei, (4) Longquanhedong, (5) Henanzhuang, (6) Beitaishang, (7) Beiqian, (8) The Ancient Capital City Site of the Zhu Kingdom, (9) Qingzhuangzi, (10) Han tombs at Shaogou Village in Luoyang, (11) Huanggang, (12) Jinqiao, (13) Mawangdui Tomb M1, (14) Shixiongshan, (15) Huangsangyuan, (16) Chenzhuang, (17) Daxinzhuang, (18) Sanguantang, (19) Shapingzhan, (20) Zhengjiaba, (21) Guangtoufen, (22) Xijincheng, (23) Dongzhao, (24) Fengtai, (25) Guanzhuang.


There are some records of the planting of adzuki beans in the ancient Chinese agricultural literature, such as Fan Sheng Zhi Shu 氾胜之书 (Late Western Han Dynasty) (Wan, 1980), Si Min Yue Ling 四民月令 (Late Eastern Han Dynasty) (Miao, 1981), and Qi Min Yao Shu 齐民要术 (Northern Wei) (Miao, 1982). The archeological distribution of the adzuki bean mirrors the location of these historical documents, which includes contemporary Henan, Shanxi, and Shaanxi provinces.



The utilization of other plants

Besides crops, some other plants, such as Chenopodium sp. and Vitex negundo, appear to have been intentionally used by the Qin People because of the high density in each single sample (Supplementary Table 1). Both of these plants are multifunctional; however, their functions appear to be ambiguous due to the lack of multiple lines of archaeological evidence, which is a typical limitation of archeology.

Chenopodium spp. have often been unearthed at northern sites in China (Zhao, 2019). In terms of function, the stems and leaves of Chenopodium album are a kind of suitable fodder for poultry (Wu et al., 2003; Qiang, 2009) as well as an edible wild herb for the Chinese people (Zhao, 2019). Although the nutlets of Chenopodium spp. are not an ideal food for human beings due to their small size and the hard seed coat, they can be gathered for food when the tassels are ripe (Fan, 2019). It should be noted that a similar situation with a high density of Chenopodium spp. also appeared at other sites (Ma et al., 2015; Zhao, 2017, 2019; Zhao and Liu, 2019; Fu et al., 2022), and there was even a report that C. giganteum was identified from the burial pits of the Han Yangling Mausoleum of the early Western Han Dynasty, an era following the Qin Dynasty (Yang et al., 2009), in which the function of C. giganteum has not been rigorously reported.

Therefore, we suggest two hypotheses for the reason a large number of Chenopodium sp. seeds were concentrated in one single ash pit at Matengkong. It might have been gathered for poultry fodder or it may have been used in a specific type of human food.

Neither of these hypotheses is strongly supported, and both focus on the issue of whether domestication of certain types of these plants occurred in the past, this question remains unanswered in China. First, in terms of plant taxonomy, the Chenopodium plants can be divided into approximately 250 species globally, among which 20 species can probably be considered to have been distributed in China (Qiang, 2009), and the seeds of Chenopodium plants are quite similar. Second, unlike in the United States of America (Smith and Yarnell, 2009; Fritz et al., 2017), there are no explicit standards in Chinese archeological academia for investigating Chenopodium domestication. Third, as mentioned above, the functions of Chenopodium plants are quite diverse. This calls for more archeological exploration and archaeobotany in China to better understand the functions of Chenopodium plants.

In addition, the density of Vitex negundo (2,384/10 L) from one sample was found to be very high as well. Its fiber may have been used for basket weaving (Zhang and Liang, 2009). Besides that, if the nutlets were intentionally stored, they may have been consumed as “famine food” using certain cooking methods (Fan, 2019). Vitex negundo has other functions, such as medical and insect repellent (Wu et al., 1994). However, it is still not clear whether people at that time had realized these alternative uses.




Conclusion

Matengkong was a small low-status settlement arising from the Qin people inhabiting the Guanzhong Basin from the Warring States Period to the Qin Dynasty. This study is an archaeobotanical analysis of the flotation results of 87 soil samples from the Matengkong site. The flotation results showed that the inhabitants practiced multi-cropping focusing on dry farming. The crop assemblage comprised five categories in descending order of importance, including dominant foxtails millet and wheat, important broomcorn millet, less important soybean and adzuki bean, less utilized barley, and lowest ubiquitous cannabis and rice. Within them, the quantity of foxtail millet and wheat together accounted for 96.58% of the crops, and their ubiquity was recorded over 85%. The low percentage of the absolute quantity of wheat and its low density are in contrast with its high ubiquity. However, in view of the TKW and the modern per unit yield ratio of foxtail millet and wheat, it suggests that wheat was a consistent element of subsistence, even if it was largely overshadowed by millets as shown in both the charred and isotopic analysis. In other words, wheat planting played an important role in the agricultural economy of the Qin people, while it appears to have provided a small part of their dietary intake. It appears that rice could not have been an important part of Qin subsistence at the site, as there is no proper evidence that Merangkong people cultivated rice locally; it originated from Qin’s southern neighbor, Chu, through an ancient mountain passage. Adzuki beans were widely used as a crop resource during the Zhou Dynasty period. In addition, Chenopodium sp. and Vitex negundo appear to have been used intentionally, which can be inferred from the high density of each single sample; however, there is no definite opinion about how people used them in view of their versatility. This study compensates for the lack of archaeobotanical research on the Qin people, and of course, further flotation work and isotopic studies on the Qin people should be carried out in the future to supplement research on the Qin people.
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We examine the changing importance of wild starch rich plant staples, predominantly tree nuts, in early agricultural societies in East Asia and Europe, focusing on Korea, Japan, and Britain. A comparative review highlights variations in the importance of wild plant staples compared to domesticated crops. The Korean Middle to Late Chulmun periods (c. 3,500–1,500 BC) was characterized by a high reliance on nuts alongside millet. This declines with the transition to rice agriculture, but remains significant during the Mumun period (c. 1,500–300 BC). In Japan, the arrival of rice and millets in the Yayoi Period (c. 1,000 BC−250 AD) saw continued evidence for high levels of reliance on wild resources, which declines only in the Kofun and early historical periods. In Early Neolithic Britain (c. 4,000–3,300 BC) cereal agriculture is accompanied by high evidence for wild plant foods. But during the Middle to Late Neolithic (3,300–c. 2,400/2,200 BC) cereals were abandoned on the mainland with hazelnuts becoming a prominent plant staple. Agriculture returned in the second half of the 3rd millennium BC, followed by a strong decline in wild plant food use during the Middle to Late Bronze Age (1,700–700 BC). Such patterns have previously been attributed to the slow adoption of farming by indigenous peoples, with a continued reliance on wild resources. In light of evidence demonstrating that the dispersal of agriculture was largely driven by a mixture of demic-diffusion and introgression of hunter-gatherers into agricultural groups, a reinterpretation of the role of wild foods is needed. It is argued that the relative importance of wild plant staples provides an indicator of the stability and dependability of agricultural and social systems. A heavy reliance on wild foods in early agricultural societies is tied to the slow adaptation of domesticated crops to new environments, where agricultural and social landscapes are yet to be firmly established, and social systems that could mitigate for poor harvests and storage were often absent. The retained lengthy persistence of wild plant staples in East Asian subsistence systems compared to the British Isles likely reflects differences in the ecological and labor demands for rice compared to Western Asiatic cereals.
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 agricultural dispersal, wild foods, subsistence, Neolithic, Bronze Age, Chulmun, Mumun, Yayoi


Introduction

The initial dispersal of agriculture outside the centers of domestication in Europe and East Asia were accompanied by a potentially heavy reliance on starch rich plant foods often viewed as supplementary staples (Moffett et al., 1989; Kreuz, 2007; Lee, G.-A., 2011; Obata, 2011; Ahn, 2012; Antolín and Jacomet, 2015; Bouby et al., 2020; Noshiro et al., 2021). Studies of early agriculturalists have understandably focused on the domesticated rather than the wild element, leading to an underplaying of the role of wild plant foods (Colledge and Conolly, 2014). Considerations of wild edible plants in subsistence systems have therefore tended to be descriptive and the causes behind their changing prominence remains relatively unexplored. Specifically, wild plant foods have generally been viewed as a persistence of pre-existing subsistence practices, tied to narratives that advocate the adoption of agriculture by hunter-gatherers, a position increasingly unsupported by current evidence (cf. Rowley-Conwy, 2014).

This paper begins with a preliminary exploration of the changing prominence of wild plant staples in East Asian early agricultural societies, focusing on Korea and Japan; before turning to Neolithic and Bronze Age Britain in northwest Europe, utilizing various sources of archaeobotanical data. These countries were chosen as providing an interesting comparison of peripheral regions of agricultural dispersal, in which crops were potentially reaching ecologically challenging environments, for which good archaeobotanical data is available.

We then ask what the main driving factors are surrounding the use of wild foods in early agricultural societies. This question is tackled by examining various evidence and models of agricultural dispersal for both Europe and East Asia, and in particular the question of whether crops were ever likely to have been adopted. The role of wild plant staples is then explored in consideration of two factors. The first is the questionable reliability and dependability of domesticated crops as they spread out from their centers of domestication to enter new climatic and environmental zones (Fuller and Lucas, 2017; Liu et al., 2017; Fuller and Stevens, 2018; Gutaker et al., 2020; Ivanova, 2020). The second are the mechanisms available to early agriculturalists, by which they coped with variations in harvests and post-harvest losses during storage, when food supplies fell short of requirements for the coming year. Here we draw on the categories of cultural responses outlined by Halstead and O'Shea (1982). Exploring the question of whether with increasing reliability, as agricultural systems and landscapes became better established and social ties more dependable, subsistence strategies shifted away from reliance on wild foods to buffering systems more dependent on storage and exchange. For example, with the first spread of agriculture, could shortfalls in harvest only be dealt with at a household level? Or were farmers already integrated, through reciprocal exchange of foodstuffs, into expansive networks that supported fluctuations in agricultural harvests?



An examination of the role of wild foods in early agricultural systems in East Asia

Three major cereal crops; rice, foxtail and broomcorn millet, domesticated in China between the 7th and the 4th millennia BC formed the basis of early agricultural societies in Korea and Japan (Figure 1; Stevens and Fuller, 2017). Alongside these were two East Asian legumes, soybean (Glycine max) and adzuki bean (Vigna angularis), and later Western Asiatic crops, including wheat and barley (Ahn, 2010; Nakayama, 2010; Crawford, 2011; Kim, 2013; Stevens et al., 2016; Lee, 2017).


[image: Figure 1]
FIGURE 1
 Period divisions for Korea, Japan, and in China for Shandong, the Lower Yangtze, North East and Central China (cf. Liu and Chen, 2012; Barnes, 2015; Li et al., 2020). These divisions, especially for earlier periods are only approximate, and may vary geographically for any given region. This is particularly true of Japan where there is a west-east delay.


East Asia experienced a different transition to agriculture to Western Asia, where cereal and pulse crops were domesticated and diffused together into southeast Europe. Rice (Oryza sativa) was domesticated in the Lower Yangtze and Upper Huai regions of eastern China (Fuller et al., 2009; Zhao, 2011), whereas foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum) were domesticated in the wider Yellow River Basin stretching into Shandong and northeast China (Liu et al., 2009; Zhao, 2011; Stevens et al., 2016, 2021; Stevens and Fuller, 2017).

Cultivated, but not yet domesticated, broomcorn millet is known from several sites in northeast China in the 6th millennium BC (Figure 2; Zhao, 2011; Shelach-Lavi et al., 2019; Stevens et al., 2021). However, secure records for domesticated foxtail millet at Weijiawopu, Inner Mongolia are somewhat later, dating to the early to middle Hongshan Culture (c. 4,500–3,500 BC) (Sun et al., 2012; He et al., 2022). These millets disperse eastwards, with foxtail and broomcorn millet being present at Wangjiacun (Middle Xiaozhushan III Culture c. 3,500–3,000 BC) on the Liaondong Peninsula (Ma et al., 2015). The spread of rice into northeast China from its core region of domestication in the Lower Yangtze and Upper Huai was much later. Possible cultivated rice is recorded from Houli Culture Shandong (c. 6,500–5,000 BC) (Jin et al., 2014; Crawford et al., 2016). However, morphologically it compares to wild rice from early Yangtze sites, and there is no evidence it was ever domesticated in this region. Rather, after a period of absence, domesticated rice only becomes established in Shandong after 2,600 BC (d'Alpoim Guedes et al., 2015; Stevens and Fuller, 2017), and in Liaoning from around 2,400 BC, associated with the later Upper Xiaozhushan Culture (Ma et al., 2015; Miyamoto, 2019).


[image: Figure 2]
FIGURE 2
 Major sites for tracking rice and millet dispersal in East Asia. China (early rice sites): 1. Huxi; 2. Hemudu; 3. Caoxieshan; 4. Xihe; 5. Yuezhuang. China (early millets): 6. Xinglonggou; 7. Jiajiagou/Tachiyingzi; 8. Weijiawopu. China (spread of millet / rice): 9. Wangjiacun; 10. Liangchenzhen; 11. Wenjiadun. Korea (spread of millets): 12. Jitap-Ri; 13. Neunggok; 14. Tongsamdong; 15. Daecheon-ri; 16. Pyeonggeodong. Korea (spread of rice): 17. Sacheon-ri; 18. Singari-Sanjik-ri; 19. Oun-1; 20. Gyodong, Gangreung; 21. Daeheung-ri Keuseonjiang, 22. Geumcheon-ri; 23. Okhyeon and Gulhwa; 24. Shinchangdong. Korea (major settlements): 25. Songguk-ri; 26. Daepyeong. Japan (spread of agriculture Karatsu Plain): 27. Ukikunden shellmound; 28. Nabatake. Japan (Fukuoka Plain): 29. Itazuke. Japan (early “leap-frog” migration): 30. Tareyanagi. Japan (major settlement): 31. Yoshinogari. Russia, Primorye (early millet): 32. Krounovka−1; 33. Gvozdevo−4. (after Miyamoto, 2019).



Evidence for cereal and wild food use in Korea

From north-eastern China, millet agriculture reached the Primorye region of eastern Siberia by 3,500 BC (Li et al., 2020; Sergusheva et al., 2022) and the Korean Peninsula during the Middle Chulmun period (Lee, G.-A., 2011; Bae et al., 2013; Ahn et al., 2015; Stevens and Fuller, 2017; Kim and Park, 2020; Kim, 2022). Claims have been made for the appearance of millet at the southern tip of the Korean Peninsula between 6,000 and 4,500 BC (Obata and Manabe, 2014; Lee, 2017), but given these are similar to the earliest dates in northeast China they should be regarded with caution.

The spread of rice into the Korean peninsula marks the transition from the Chulmun Neolithic to the Mumun Cultural Period around 1,500 BC (Figure 1; Ahn et al., 2015; Miyamoto, 2019; Leipe et al., 2020). Rice agriculture is seen to have dispersed eastwards into Korea via Shandong and the Liaondong Peninsula through the coastal regions of the Bohai Sea and Korea Bay (Figure 2; Miyamoto, 2019). This is largely supported by similarities of stone tools, lithics and some ceramics across these regions (Hudson, 1999, p. 125; Nakayama, 2010; Barnes, 2015; Li et al., 2020), along with current genetic and linguistic analysis (Cooke et al., 2021; Robbeets et al., 2021). However, whether it was primarily driven by demic-diffusion and migration or through adoption and acculturation, and whether incoming rice agriculturalists entirely replaced pre-existing millet agriculturalists still remains a matter of debate (cf. Shoda, 2010).

The earliest directly dated rice grains on the Korean Peninsula are dated between 1,430 and 920 cal. BC (Gyodong, SNU08-305, 3,040 ± 60 uncal. BP; PED-11437, 2,860 ± 20 uncal. BP; Singari, KR06-146, 2,910 ± 60 uncal. BP; Daeheung-ri Keuseonjiang, KR07-045, 2,830 ± 50 uncal. BP) (Shoda, 2010; Ahn, 2012; Ahn et al., 2015). Likewise the earliest paddy-fields in Korea also date to the 13th to 9th Centuries BC (Figure 2; Ahn, 2010, Table 6 in Lee et al., 2014). While earlier dates on rice have been proposed these are regarded as problematic. For example the early date on rice from Oun-1 has a large error margin of 280 years (cf. Crawford and Lee, 2003) and falls outside the range of other dated material from the same house context (Ahn, 2010; Shoda, 2010; Stevens and Fuller, 2017).

Some authors have asked if initial cultivation systems focused on rainfed rice (Ahn, 2010; Barnes, 2015, p. 261), however, isotopic analysis of ancient rice grains shows no difference through time, suggesting the cultivation of paddy-fields from the start of the Early Mumun, c. 1,500–850 BC (Shoda et al., 2021).

Unlike the dispersal of agriculture from Western Asia into Europe, which saw cattle, sheep and goat as constant components of the Neolithic package, in Northeast Asia domesticated animals appear to have played only a minor role. In prehistoric Korea domesticated pig is largely absent outside the northeast (Lee, G.-A., 2011; Lee, 2017), with wild pigs still dominant until the later 1st millennium AD (Lee, 2009). However, a sudden size reduction during the Yayoi period (c. 800 BC−250 AD) in Japan suggests that domestic pig was probably the only animal to have accompanied rice agriculture from Korea to Japan, although even here wild pigs often predominate on many sites (Hongo, 2017).


Methods for examining the changing proportions of acorns/nuts from prehistoric Korea

Archaeobotanical material from 120 Korean prehistoric sites, spanning the Early Chulmun to Late Mumun periods, where flotation or plant analysis of macrofossil remains had been conducted, was compiled from the Archaeobotanical Data in East Asia Project (National Research Institute of Cultural Heritage, 2015). Presence-absence data for acorns, walnuts, hazelnuts, millets, and rice was recorded for each site or site-period. Few sites provided absolute counts, and whilst an exclusive assessment of presence/absence data is far from ideal, we believe this approach can provide a measure of ubiquity and offer cues on the changing importance of wild foods through time. A further complicating factor is the mode of preservation, by waterlogging or charring, which is often not recorded. It is unknown what impact this might have, although waterlogged material is associated both with Mumun paddyfield sites, and Chulmun pits associated with acorn leaching (Lee, 2017).

To assess the contribution of wild plant staples to early agricultural communities, the dataset was filtered to consider only site-phases (i.e., a unique period for each site) where either rice or millets (or both) were recorded. This resulted in a total of 115 site-phases across three periods (Middle Chulmun, Late Chulmun, and Mumun). For each period, the proportion of site-phases that yielded one or more of acorn/nuts was calculated. Figure 3 shows the proportions, with the 90% Jeffreys interval highlighted in color.
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FIGURE 3
 Posterior probability distribution of archaeological sites with crop remains (rice and/or millet) yielding wild nuts in prehistoric Korea. Horizontal bars indicate the observed proportion whilst the highlighted regions represent the 90% Jeffreys interval (Data from National Research Institute of Cultural Heritage, 2015).




Results

Most of the Early Mumun sites have remains of acorns and nuts. While two also had remains of millets, there are questions as to the phasing of some sites, or the presence of intrusive material (see below). For example, Jitap-Ri (Jitam-ni) in North Korea had a large find of charred “millet” ascribed to the Early Chulmun (Ahn et al., 2015; National Research Institute of Cultural Heritage, 2015, p. 101). However, an earlier publication on the basis of ceramics and stone agricultural tools, assigned it to the Middle Chulmun (Middle Bissalmuneui) Period (Choe and Bale, 2002; Stevens and Fuller, 2017), which was followed in this study.

Within the Middle to Late Chulmun period (c. 3,500–1,500 BC) millets along with adzuki bean and soybean are well-represented, although neither were recovered from every site. More notable is that the majority of sites have nut and acorn remains, mainly sawtooth oak (Quercus acutissima) and Manchurian walnut (Juglans mandshurica). Our analysis did show a drop in the number of sites with wild acorns and nuts, but not millets, between the Middle and Late Chulmun. A few Chulmun sites are recorded as having rice, but are regarded as problematic. Rice specimens from Daechon-ri, unlike the millet from the site, were uncharred, hence certainly intrusive (Crawford and Lee, 2003; Ahn, 2010; Stevens and Fuller, 2017). Further, the dating and context of the Late Chulmun sites of Gahyeon-ri, and nearby Islan Localities 1 and 2, have been questioned as the waterlogged rice husks are not associated with archaeological remains (Ahn, 2010; Ahn et al., 2015).

The majority of Mumun sites (c. 1,500–300 BC), as expected, produced evidence for rice, with millet also better represented. Notably the number of sites yielding remains of wild nuts and acorns dropped substantially compared to the preceding period (Figure 3).




Evidence for cereal and wild food use in Japan

Unlike Korea there is evidence that both adzuki and soybeans were likely cultivated and domesticated during the Jomon period in Japan (Obata et al., 2007; Fujio, 2021), along with barnyard millet (Echinochloa crus-galli/esculenta) in northern Honshu and southern Hokkaido (Crawford, 2011) and also possibly cannabis (Kobayashi et al., 2008). From the beginnings of the Jomon period wild nuts and acorns were heavily exploited throughout the Japanese archipelago (Sakaguchi, 2009). Further there is evidence for management and probable cultivation of chestnut in the Jomon period (Minaki, 1994; Matsui and Kanehara, 2006; Yoshikawa, 2011; Noshiro and Sasaki, 2014).

In contrast to Korea, rice and millet agriculture likely dispersed together to Japan, arriving from the Korean Peninsula into northern Kyushu between 1,200 and 800 BC (Miyamoto, 2019; Crema et al., 2022). The Initial Yayoi (965–780 BC), was mainly confined to northern Kyushu, with wet-rice agriculture spreading throughout the archipelago over the course of the 1st millennium BC, although with several episodes of substantial local slow-downs in the dispersal process (Kobayashi, 2009; Crema et al., 2022).


Methods for examining the changing proportions of acorn/nuts from prehistoric to historic Japan

Evidence for changes in wild food resources was made using information extracted from the Database of Plant Macrofossils from Archaeological Sites in Japan (Ishida et al., 2016). The database collates the presence data of over 60,000 macrofossil remains of various species from prehistoric and historic archaeological sites across Japan. The methods employed were broadly similar to those used to analyze the Korean botanical data. Data entries were filtered, using only sites in Honshu, Shikoku and Kyushu that could be assigned to one of four periods; Yayoi (c. 1,000 BC−250 AD), Kofun (250–710 AD) and/or Kodai (710–1,185 AD). Note that the transition between the Final Jomon and the Yayoi is regionally dependent, with the earliest rice appearing broadly around 1,000 cal. BC in Kyushu in Western Japan and as late as cal. 200 BC in parts of Kanto and Tohoku in Eastern Japan (Fujio, 2014, 2021; Barnes, 2019; Crema et al., 2022). As with Korea no differentiation is often available between whether taxa comprise waterlogged or charred remains, although there is no obvious reason why the dominant mode of preservation should vary overtime. We identified a total of 548 site-phases with the presence of rice and/or millets (broomcorn or foxtail). We then calculated the proportion of site-phases with one or more of the following taxa: acorns (Quercus/Lithocarpus), walnuts (predominately Juglans mandshurica), buckeye or horse chestnut (Aesculus turbinata), chestnut (Castanea crenata) and beechnuts (predominately Castanopsis cuspidata and C. seiboldi, but also Fagus sp.), and specimens that had been broadly identified to two or more of these classifications. Figure 4 shows the proportion of site phases and the associated 90% Jeffreys interval for each of the three period across Southwest Japan (Kyushu, Shikoku, Chugoku, and Kansai regions), Central Japan (Chubu and Kanto regions), and Northeast Japan (Tohoku region).
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FIGURE 4
 Posterior probability distribution of archaeological sites with crop remains (rice and/or millet) yielding wild nuts in different regions of Japan (excluding Hokkaido and Okinawa) in Yayoi, Kofun, and Kodai periods. Horizontal bars indicate the observed proportion whilst the highlighted regions represent the 90% Jeffreys interval. South-West (Kyushu, Chugoku, Shikoku, Kansai); Central (Chubum Kanto); North-East (Tohoku) (Data from Database of Plant Macrofossils from Archaeological Sites in Japan, Ishida et al., 2016).




Results

In line with other authors' observations (Hosoya, 2011; Obata, 2011; Noshiro et al., 2021), collected nuts and acorns are present on a large number of Yayoi sites, but we observe substantial regional variations. In SW Japan, where rice and millet agriculture was introduced first, the proportion of site-phases with nuts/acorns are considerably high in the Yayoi, before a drastic drop to the Kofun and Kodai periods. In contrast, while the same declining trend is observed, the proportion of site-phases in Central Japan with nuts/acorns during the Yayoi period is comparatively low. Finally, in NE Japan the relative proportion of wild resources are comparatively high during the Yayoi period (although with a much higher degree of uncertainty given the smaller sample sizes).





An examination of the role of wild foods in early agricultural systems in Britain

Cultivated crops in southeast Europe, Greece, Bulgaria and North Macedonia initially comprised emmer (Triticum turgidum subsp. dicoccum), einkorn (Triticum monococcum) and tetraploid free-threshing wheats (probably Triticum turgidum subsp. turgidum), along with barley (Hordeum vulgare), pea (Pisum sativum), lentils (Lens culinaris), chickpea (Cicer arietinum), and flax (Linum usitatissimum). However, this package was greatly reduced in size and diversity as it traversed Europe (Colledge et al., 2005; Coward et al., 2008; Fuller and Lucas, 2017; Ivanova, 2020).

Wild plant-foods appear to have played a consistent and significant role during this European dispersal, although a considerable degree of chronological and geographical variation is present. The earliest Neolithic sites in southeast Europe appear largely dependent on cereal agriculture (Halstead and Isaakidou, 2020), but many still produced low amounts of wild plant foods, including acorns, hazelnuts (Corylus avellana), and cornelian cherry (Cornus mas) (Ivanova et al., 2018). One exception are the aceramic levels at Sesklo which were high in pistachio nuts (Pistacia sp.) (Zohary et al., 2012, p. 178). As the Neolithic spread into central Europe, c. 6,000–5,300 BC, wild plant remains, especially cornelian cherry and hazelnut are still frequent in botanical assemblages (Gyulai, 2007; Marinova, 2007). During the dispersal into northern Central Europe in the Linearbandkeramik c. 5,500–4,500 BC, woodland resources, in particular hazelnuts, are seen as an important supplement to early agricultural subsistence (Kreuz, 2007; Lityńska-Zajac, 2007).


Evidence for agriculture and wild food remains from neolithic Britain

The introduction of cereals to the British Isles is placed around 4,000 cal. BC (Whittle et al., 2011; Stevens and Fuller, 2012). However, the crop package that came to form the main agricultural component of British Neolithic farmers was rather meager compared to that which left Anatolia, and comprised only emmer wheat and barley, with some free-threshing wheat, and flax (Jones and Rowley-Conwy, 2007; Supplementary Information in Bevan et al., 2017).

In the late 1980s a number of eminent archaeobotanists noted that in comparison to later periods wild food remains, especially hazelnuts, were more frequent in Neolithic than later samples, sometimes far outnumbering cereals (Moffett et al., 1989). The logical implication drawn was that hazelnuts were of greater importance to Neolithic farmers than in ensuing periods, although cereals were still seen as an integral part of Neolithic subsistence (Robinson, 2000; Stevens, 2007). However, this began a debate regarding the significance of wild foods to Neolithic subsistence, with some arguing hazelnuts in particular, by virtue of their robust shells, were likely over-represented and hence their importance overstated (Rowley-Conwy, 2000, 2004, 2011; Jones and Legge, 2008; Rowley-Conwy et al., 2020).

A further observation regarding archaeobotanical remains was that evidence for cereal agriculture appeared to decline in the later Neolithic (Piggott, 1954, p. 365; Bradley, 1978; Jones, 1980; Moffett et al., 1989; Robinson, 2000). A study by one of the authors aimed to resolve this issue by using summed probability distributions of wild food remains (predominately hazelnuts) and cereal remains from the British Isles spanning the Mesolithic, Neolithic and Bronze Age (Stevens and Fuller, 2012, 2015; Bevan et al., 2017). The advantage of using direct dates being that it overcame the problems of potentially intrusive material (Pelling et al., 2015).


Methods for analyzing wild food remains in Neolithic Britain

The original analysis by Stevens and Fuller (2012) has been modified and is presented here utilizing direct radiocarbon dates on hazelnuts and cereal remains (wheat and barley) for Britain (taken from Bevan et al., 2017), excluding the Scottish Islands. Figure 5 (left panel) shows the relative proportion of radiocarbon dates for hazelnuts and cereals, with intervals of statistical significant differences obtained from mark permutation tests (Crema et al., 2016; analyzed using the rcarbon R package, Crema and Bevan, 2021) highlighted. Figure 5 (right panel) shows the same data in the form of the summed probability distribution of radiocarbon dates from cereal remains and hazelnut over the Mesolithic, Neolithic and Bronze Age, between 6,000 and 1,000 cal. BC.


[image: Figure 5]
FIGURE 5
 Direct radiocarbon dates on hazelnuts and cereal grains from Britain (excluding the Scottish Isles) (Right panel) summed probability distribution of radiocarbon dates from hazelnut (n = 542) and wheat/barley (n = 285). (Left panel) relative proportion of dates with time-intervals with significantly higher proportion of hazelnut (a) and wheat/barley (b) obtained from a mark permutation test with 1,000 iterations. Sample size take into account dates with cumulative calibrated probability above 0.5 between 6,000 and 1,000 BC (Data from Bevan et al., 2017).




Results

The distribution shows that remains of wild plant foods, in particular charred shells of hazelnut, are a conspicuous and ubiquitous part of archaeobotanical assemblages during the Mesolithic and Neolithic. The SPD demonstrates that cereals first appear around 4,000 cal. BC and increase along with hazelnuts during the Early Neolithic, reflecting increasing population levels associated with the arrival of farming seen in similar studies (Collard et al., 2010; Whittle et al., 2011; Shennan et al., 2013; Timpson et al., 2014).

The analysis indicates a shift in subsistence toward wild plant foods and away from cereals in mainland Britain starting from around 3,700 cal. BC. During the Middle Neolithic (c. 3,300 cal. BC) to the end of the Late Neolithic (c. 2,400/2,200 cal. BC) conclusive evidence for cereals is absent from many sites in mainland Britain (Stevens and Fuller, 2012, 2015; Bevan et al., 2017), as also seen in Ireland (Whitehouse et al., 2014). Significantly, sites in England with apparent evidence for cereals during this period generally prove to be intrusive (Stevens and Fuller, 2012; Pelling et al., 2015; Worley et al., 2019). An additional factor seen in the original studies was a high degree of regional variation, with the Scottish Islands continuing with cereal farming during the Middle Neolithic, with little reliance on wild foods compared to the British mainland (Stevens and Fuller, 2012, 2015).

After 2,500 cal. BC a gradual change in subsistence is seen across mainland Britain in which the number of wild foods begins to decline, and cereal cultivation increases, with declining numbers of hazelnut dates from the start of the Middle Bronze Age c. 1,600 cal. BC (Stevens and Fuller, 2015; Bevan et al., 2017). Hazelnuts along with other wild foods are still present in assemblages, and undoubtedly provided some small contribution to the diet, however comparatively to earlier periods they form a minor, relatively insignificant component.





Discussion

Several studies have shown the reliance on wild plant foods declined as cereals became fully domesticated in West Asia and East Asia (Fuller and Qin, 2010; Stevens and Fuller, 2017; Fuller et al., 2018). With the continued use of a wide range of plant foods undoubtedly acting as a buffer against the risk of occasional poor yields (Wallace et al., 2019).

Throughout Europe wild foods have generally been seen as providing an important contribution to Neolithic diets (Kreuz, 2007; Colledge and Conolly, 2014; Antolín and Jacomet, 2015; Bouby et al., 2020). For at least the Middle to Late Chulmun period in Korea acorns and nuts are viewed as important staples, along with other resources such as hunting, shellfish and fishing, perhaps contributing more to the diet than millets (Lee, G.-A., 2011; Ahn, 2012; Lee, 2017; Kim and Park, 2020; Kim, 2022). The question of their continued use after the introduction of rice in Korea is less discussed, but various lines of evidence point to more fully agricultural societies (Ahn, 2010; Lee, G.-A., 2011; Kwak et al., 2017), with a mixture of rice and millet farming (Choy et al., 2021). However, occasional sites, e.g., Shinchangdong, (200–100 BC), have produced high numbers of acorns and wild plant foods suggesting their continued value to subsistence (Liu et al., 2007).

In Japan the sustained use of acorns/nuts have been seen as important dietary resources supporting the transition to rice agriculture within the Yayoi period (Obata, 2011; Noshiro et al., 2021) potentially continuing to the 14th to 15th Century (Hosoya, 2011, 2014).

However, the wider role of wild foods, in particular starchy nuts and acorns, in early agricultural subsistence systems remains largely unexplored. One possible explanation for this neglect is that wild foods, both consciously and unconsciously, have been interpreted as continuity of traditional subsistence practices marking the transition from hunter-gatherer to farmer. This interpretation, and hence the importance of wild foods has as such become intertwined with the mechanisms driving crop dispersal (Rowley-Conwy, 2004, 2011; Rowley-Conwy et al., 2020).


Demic vs. cultural diffusion

The processes by which agriculture spread throughout the globe has a long history of debate which only in the last decade is coming to perhaps what was always a logical conclusion.

Agricultural diffusion through migration or colonization was generally favored before the 1970s (Childe, 1925, 1928, 1942, p. 40; Hawkes and Hawkes, 1943; Clarke, 1952; Piggott, 1954, p. 90; Case, 1969). However, in 1971 the publication of a seminal piece of work by Ammerman and Cavalli-Sforza (1971) provided a fuller, more nuanced, explanation for the spread of agriculture. Within this paper compiled radiocarbon dates for the first appearance of Neolithic sites across Europe demonstrated a slow spread of agriculture in a process that took millennia. They saw this spread as driven by regional and localized expansions of agricultural populations that slowly brought agriculture, at a rate of around 1 km per year (around 25 km per human generation), out from the Near East and eventually across all Europe (Ammerman and Cavalli-Sforza, 1971, 1984, p. 61, 133–135). This population-driven expansion of agriculture was named “demic-diffusion”, whereas “cultural-diffusion” referred to the adoption of crops by pre-existing indigenous peoples.

While the paper by Ammerman and Cavalli-Sforza was hugely influential, from the late 1970s into the early 2000s, a shift occurred toward explanations that favored “cultural diffusion” as the main mechanism driving agricultural dispersal (Barker, 1985; Zvelebil and Zvelebil, 1988; Zvelebil, 1994, 1998; Price and Gebauer, 1995; Thorpe, 1996; Robb and Miracle, 2007). In Britain the “continued” importance of wild foods, was seen to support such an argument, to the point that some scholars dismissed cereals as being of little to no significance (Thomas, 1991, p. 4–29; Richards, 1996, 2000; Richmond, 1999, p. 32–34; Pollard and Reynolds, 2002, p. 42; Whittle, 2003, p. 157). This “retreat from migrationism” (Adams et al., 1978) was not only confined to Europe, but was also particularly embraced in Japan (Hudson, 1999, p. 147).

The argument for the importance of wild foods vs. agricultural crops subsequently became tightly bound with the nature of the transition to agriculture in Europe. On the one hand were those who argued for a slow adoption of agriculture by indigenous peoples, still highly reliant on wild resources (Thomas, 1991, 2002), on the other, those who saw a rapidly introduced and fully agricultural Neolithic in which wild foods played little part (Jones, 2000; Rowley-Conwy, 2000, 2004, 2011; Jones and Rowley-Conwy, 2007; Jones and Legge, 2008; Rowley-Conwy et al., 2020). In Japan this argument took a slightly different turn that saw both those engaged in genetics and physical anthropology stressing the importance of immigration (Nakahashi and Iizuka, 1998; Iizuka and Nakahashi, 2002), whilst archaeologists dealing with material culture often argued for a much smaller migration, followed by adoption based on evidence for cultural continuity (Kanaseki and Osaka Yayoi Culture Museum, 1995).

Within the last decade the successful extraction and sequencing of ancient human DNA from individuals spanning Europe and West Asia has lent substantial support to the demic-diffusion model, demonstrating a clear and often dominant West Asian lineage in early European farmers (Haak et al., 2010; Fu et al., 2012; Szécsényi-Nagy et al., 2014; Mathieson et al., 2015; Hofmanová et al., 2016; Silva and Vander Linden, 2017; Ammerman, 2021). Alongside these studies the use of radiocarbon data as a proxy for population levels has demonstrated an initial rapid increase in population that coincide with the earliest evidence for farming (Shennan et al., 2013; Whitehouse et al., 2014; Oh et al., 2017; Crema and Shoda, 2021) which is often seen as supporting the demic-diffusion model (Rowley-Conwy, 2004; Collard et al., 2010; Stevens and Fuller, 2012; Silva and Vander Linden, 2017; Kim and Park, 2020).


Did hunter-gatherers ever adopt agriculture?

As Bellwood (2005, p. 25–26, 37–39) stated, confirmed instances of agricultural adoption by indigenous hunter-gatherers are rare within the ethnographic record. Here we might ask two questions; would hunter-gatherers necessarily want to adopt agriculture? And how easy would it be in a pre-literate, pre-state society for hunter-gatherers to adopt agriculture?

Taking the first question there has long been a subconscious belief amongst Western scholars that farming is “inherently superior” to hunter-gathering, a viewpoint that was popularized during the 19th Century (cf. Rowley-Conwy, 2014). In cases where ethnographic studies have addressed this issue, there is frequently a strong resistance to farming by hunter-gather groups, in part because it is less gratifying in terms of the inevitable delay between sowing, harvest and consumption, but most pertinently because if disrupts social norms built around status and cultural traditions (Stearman, 1999). Further, in comparing hunter-gatherer and agricultural diets, the latter is often more detrimental to general health (Cohen, 1989; Cohen and Crane-Kramer, 2007; Gage and DeWitte, 2009 for discussion). A final point, is that contrary to popular belief, historical records suggest that unlike farmers hunter-gatherers rarely suffer from famine and starvation (Stearman, 1999; Berbesque et al., 2014).

Turning to the question of “how easily a hunter-gatherer might adopt farming”, anyone who has farmed will know the cultivation and caring of crops involves a considerable amount of knowledge surrounding soil management, the growing conditions of a particular crop, its storage, processing, food preparation and the construction of tools. Such aspects of life, as much as those equated with hunting and gathering, are highly culturally embedded, through both social structures and ideology. Simply put farming is unlikely to be adopted by non-cultivators without prolonged periods of participation within agricultural communities, which includes considerable social and cultural interaction (Stevens and Fuller, 2012; Rowley-Conwy et al., 2020).

One aspect that genetics has changed concerning the narrative of agricultural diffusion is highlighting that integration and introgression, between hunter-gatherers and incoming farmers in the form of inter-marriage frequently occurred (cf. LeBlanc, 2008). Indeed such interactions are relatively commonly recorded in the ethnographic record (Bellwood, 2005, p. 38). In such situation's intermarriage between incoming agriculturalists and hunter-gatherers might potentially reinforce and bring additional local knowledge of wild resources, including their distribution, harvesting, processing and storage. For example, many species of acorns require leaching in order to render the nuts edible, as do also those of horse chestnut (Hosoya, 2011).




The role of wild foods in subsistence systems

If the high presence of wild foods in early agricultural societies is not related to their continued use by hunter-gathers adopting agriculture then further explanations must be sought.

Fluctuations in food supply are a natural aspect of subsistence for many peoples using traditional, non-mechanized farming techniques. Halstead and O'Shea (1982) identified four main cultural responses or strategies utilized by ethnographic, historical, and prehistoric societies to cope with unpredictable food resources; mobility, diversity, storage, and exchange. Mobility was largely employed by hunter-gatherers and pastoralists, in which groups moved between areas when local resources declined. Diversity, counter-balanced resource failure by exploiting a wider range of resources, such that when one resource declined its impact would be lessened and picked up by other staples. Storage plays a dual role in subsistence, annually it compensates for seasonal fluctuations in the availability of various wild and cultivated resources, however, long-term storage serves to balance years of plenty against those where harvests are poor, for agriculturalists, foragers, hunters and fishers alike. Finally, exchange is used in conjunction with storage to balance out spatial and chronological variation in yields between various communities. Such interactions might involve reciprocal relationships, or the exchange of goods and services, or placed against future obligations. While it was acknowledged that a number of these strategies would be used in unison, it was the degree of dependence on individual strategies that defined various cultural groupings and responses, and that movement between them potentially lead to social change and cultural evolution (Hayden et al., 1981; Halstead and O'Shea, 1982; Testart et al., 1982).

We can then interpret the changing importance of wild foods in early agricultural systems as reflective of two aspects of subsistence. Firstly, the stability of the agricultural system itself. Early agricultural systems were potentially subjected to more uncertainty and dependability of yields relating to the dispersal of crops into new ecological and climatic environments to which they were still adapting (Terasawa, 1986; Obata, 2011; Fuller and Lucas, 2017; Shitara, 2017; Ivanova et al., 2018; Motuzaite-Matuzevičiute, 2018; Gutaker et al., 2020; Ivanova, 2020; de Vareilles et al., 2022). The second aspect relates to what degree technological and social mechanisms had become established within these early agricultural societies to cope with uncertainty of yields. Such that a combination of improved longer-term storage, improved agricultural techniques, a wider range of crops and crop varieties, and secure exchange systems can mediate for fluctuations in harvest. This in turn would diminish the need to exploit a more diverse resource base that utilizes high amounts of wild foods.



The case for the use of wild foods in Britain and East Asia

In this final section we will present some initial interpretations for the changing roles of wild starch rich foods, e.g., nuts, in early agricultural systems in East Asia and Britain, from potential dietary staples to dietary supplements and famine foods. A series of points worth drawing attention to, are firstly in Europe, the importance of demic-diffusion vs. adoption is, in light of extensive ancient genetic studies, now less contested. Whereas, for the initial dispersal of millet agriculture into Korea, and the dispersal of rice agriculture throughout Japan, adoption is still generally perceived as a major contributing factor (see below). Secondly, in keeping with such interpretations, wild foods during the Middle Chulmun in Korea, and in the Yayoi Period in Japan, are regarded as major contributors to subsistence (Hosoya, 2011; Lee, G.-A., 2011), whereas in Britain the role of wild foods has been diminished in those studies that see them in conflict with the idea of agricultural dispersal through demic-diffusion (Rowley-Conwy et al., 2020). It is hoped in the following sections to demonstrate that the role of wild foods and the mechanisms behind dispersal need to be decoupled in order to gain a fuller insight into how the changing use of wild plant staples might be able to shed light on the nature of early agricultural subsistence systems.


Changing subsistence systems in Neolithic to Bronze Age Britain

In the British Isles, a rapid dispersal of agriculture through demic-diffusion is supported by a significant increase in population (Collard et al., 2010; Sheridan, 2010; Rowley-Conwy, 2011; Whittle et al., 2011; Stevens and Fuller, 2012; Whitehouse et al., 2014; Bevan et al., 2017; Rowley-Conwy et al., 2020). This stance is reinforced by genetic studies which demonstrate a Neolithic population derived predominately from continental peoples with a strong Anatolian lineage, and only a minor input from pre-existing Mesolithic hunter-gatherers (Brace et al., 2019).

The status of wild foods in the Early Neolithic is best viewed from the perspective of the later Neolithic when cereal agriculture disappeared over much of mainland Britain (Stevens and Fuller, 2012, 2015; Whitehouse et al., 2014; Bevan et al., 2017; Worley et al., 2019). This interpretation is supported by a significant downturn in population (Shennan et al., 2013; Timpson et al., 2014), the near absence of quern stones (Stevens, 2007; Stevens and Fuller, 2012; Watts, 2012; cf. Peacock, 2013), a decline in grassland and a localized regeneration of woodland (Evans, 1990; Thomas, 2002, p. 32; Robinson, 2014; Supplementary Information in Bevan et al., 2017). Whilst climatic deterioration has been forwarded for this change (Stevens and Fuller, 2015; Bevan et al., 2017), this need not imply a population collapse or a catastrophic event. Rather we propose a readjustment of existing subsistence systems in response to more unpredictable harvests, during which wild plant foods and pastoralism gained prominence to the point that cereal agriculture was eventually temporarily abandoned for almost a millennium. That agriculture continued on the Scottish Islands infers this transition relates to cultural responses to changing resource availability, e.g., how pre-existing subsistence systems adjusted to cope with declining cereal yields, rather than a failure of cereal agriculture per se (Stevens and Fuller, 2015). This scenario lends support to theories that advocate for a more integrated subsistence system entering Britain during the Early Neolithic based on a diverse resource base that incorporated pastoralism and the gathering of wild foods, alongside the cultivation of cereals (Moffett et al., 1989; Stevens and Fuller, 2012, 2015; Peacock, 2013, p. 19; Treasure et al., 2019). This early cereal cultivation was established in an environment in which a persistent agricultural landscape had yet to be established, and for which reliable exchange systems and social networks to compensate for shortfalls in agricultural harvests were largely absent. Notably in Neolithic Britain evidence for more complex forms of storage are generally lacking and while bulk storage might have initially occurred in longhouses (Fairweather and Ralston, 1993), that such houses largely disappear after 3,800–3,600 cal. BC (Whittle et al., 2011), when wild foods gain importance comparatively to cereals, might not be entirely coincidental.

It is notable that hazel woodland was in a gradual decline prior to and just following the introduction of agriculture around 4,000 BC, but remained relatively stable for much of the Neolithic, with only a small decline seen in the Early Bronze Age (Supplementary Information in Bevan et al., 2017). For the millennium between 2,200 and 1,200 BC grassland increases with a small slow decline in woodland, including oak, although hazel is relatively unaffected during this period.

Genetic evidence reveals a large influx of peoples to Britain after 2,500–2,400 cal. BC whose descendants originated in the Eastern Steppe (Allentoft et al., 2015; Haak et al., 2015; Patterson et al., 2022). This period marked the beginnings of a slow reintroduction of cereal agriculture into mainland Britain during the Early Bronze Age (Stevens and Fuller, 2012, 2015; Fuller and Stevens, 2018). From around 2,000 cal. BC, we see a marked decline in the importance of wild foods (Figure 5; Bevan et al., 2017). This change eventually accumulated in fully agricultural societies in the Middle to Late Bronze Age (1,600–700 cal. BC) with agricultural fields, permanent settlement, spelt wheat, underground grain silos, shaped saddle querns, and four poster-granaries, all absent previously, but now present (Jones, 1988; Stevens and Fuller, 2012; Peacock, 2013, p. 16; Bradley, 2014, p. 181–193; Supplementary Information in Bevan et al., 2017; Fuller and Stevens, 2018). The fully agricultural landscape that emerged during the Middle-Late Bronze Age was then one in which fluctuations in harvest could be mitigated through a combination of long-term storage and established exchange networks between multi-generational settlements and households, in which wild plant staples were no longer relied on so frequently. However, even this later transition to a fully-agricultural society was likely brought about through a protracted period of migration, with recent genetic studies demonstrating a further gradual incursion of peoples in southern Britain from the Middle to Late Bronze Age from around 1,500 cal. BC, that grew in size and intensity between 1,000 and 750 cal. BC (Bradley, 2022; Patterson et al., 2022).



Changing subsistence systems in Chulmun to Mumun Korea

For Middle Chulmun Korea (c. 3,500–2,000 BC) evidence for the continuation of cultural traits, and settlement patterns (Kim and Park, 2020), has led to the suggestion that millet agriculture was adopted by indigenous peoples (Lee, G.-A., 2011, p. 2; Shin et al., 2012; Bae et al., 2013). Unlike Japan, there is as yet no confirmation for cultivation of indigenous species prior to the arrival of millets. The dispersal of millet agriculture into Korea was accompanied by agricultural stone tools; hoes and harvesting knives, pestles and millets, and ceramic storage-wares, originating in the Middle Xiaozhushan Culture of Liaoning, Northeast China (Choe and Bale, 2002; Miyamoto, 2014). Likewise, this initial dispersal has also been associated with linguistic and genetic expansion from northeast China during the Neolithic (Robbeets et al., 2021).

The complexity of this agricultural package, that encompasses not just millets but a significant cultural component, argues in favor of demic-diffusion rather than adoption. Population levels are generally low during this period (Oh et al., 2017), but a small demographic increase has been correlated with the arrival of millet agriculture (Ahn et al., 2015). However, the possibility of some degree of acculturation between diffusing agriculturalists and pre-existing hunter-gatherer groups in the northwest of the Korean Peninsula, prior to the migration of these groups into the Southern Korean Peninsula, remains plausible (cf. Miyamoto, 2014).

The Middle Chulmun is characterized by a diverse range of regionally localized subsistence systems (Choe and Bale, 2002; Lee, G.-A., 2011). A heavy reliance on acorns and nuts, along with hunted animals, boar and deer, and the exploitation of marine resources is evident, but millets are viewed as providing a small, but persistent contribution (Choy and Richards, 2010; Lee, J.-J., 2011; Ahn et al., 2015; Kim et al., 2015; Lee, 2017; Kim and Park, 2020). The Late Chulmun (2,000–1,500 BC) in our study saw a decline in the proportion of sites with wild acorn and nuts, although those with millets increase (Figure 3). This same period is linked with a decline in population (Oh et al., 2017; Kim and Park, 2020), sometimes attributed to climatic change (Ahn et al., 2015). However, this interpretation has been questioned given the population decline begins prior to the onset of climatic deterioration (Kim et al., 2021).

The arrival of rice agriculture in Korea in the Early Mumun period (1,500–850 BC) has generally been equated with migration/demic-diffusion, given the establishment of new settlement patterns (Kim and Park, 2020), and a substantial corresponding increase in population (Oh et al., 2017). Further it saw the abandonment of all but a few shell midden sites, and coastal regions in general (Norton, 2007). Rice agriculture in the Mumun period was accompanied by other crops, including bread wheat and barley (Kim, 2013), alongside East Asian domesticates; egoma (Perilla frutescens), soybean and adzuki bean (Crawford and Lee, 2003; Lee, G.-A., 2011). Further, stable carbon isotope analysis of human bone collagen indicated an intensive contribution from C4 plants, (e.g., millet), in comparison to C3 plants, such as rice or nuts/acorns (Lee, J.-J., 2011; Choy et al., 2021). In our study the transition to rice agriculture is also marked by a clear decline in the number of sites using wild acorn and nut resources (Figure 3).

Villages and settlements in the Mumun period are larger than the preceding Chulmun period (Norton, 2007). Archaeological evidence demonstrates the formation of more complex societies leading to proto-states around 300 BC, started during the Mumun period (Bale and Ko, 2006) with increasing hierarchical and socio-political structures associated with the appearance of rich dolmen burials (Rhee and Choi, 1992; Norton, 2007).

During the Early Mumun period storage pits in houses were thought to be used for general household needs, but in the Middle Mumun (850–500 BC) larger complexes comprising multiple pits outside of houses are interpreted as communal storage at an inter-household or settlement level (Yi, 2014). The contents of these pits has been subjected to some disagreement with some arguing they were used predominately for nuts and tubers (Son, 2004), while others have argued that they are more likely for the storage of cereal grains (Kim, 2008; Yi, 2014).

From the Middle to Late Mumun Period (850–300 BC) many sites produce evidence for pillared-buildings interpreted as stilted-granaries used for storing surplus grain (Bale, 2011, p. 57, 2017). These structures increase in size and number during this period when a transition to more fully agricultural, stratified societies is postulated (Choe and Bale, 2002). The Middle Mumun witnesses the appearance of a few substantial settlements up to 61 hectares in size, comprising some 100–200 houses, such as, Songguk-ri and Daepyeong (Figure 2; Bale and Ko, 2006; Bale, 2011, p. 61–144; Barnes, 2015, p. 267). These settlements provide evidence for significantly larger granaries and likely centralized storage, however most sites still appear to be storing crops at a household level (Bale, 2017).

While it is clear that wild food resources sometimes still played a significant role (cf. Liu et al., 2007), the subsistence system that accompanied rice agriculture into Korea appears resilient enough that the role of wild foods was clearly diminished. This decline can be related to several potential factors, one potentially is the broader and more diverse range of crops, and increased use of millet, that potentially compensated fluctuations in harvests of one to be supplemented by another. However, evidence for improved household storage and more permanent settlement echoes the picture seen for Bronze Age Britain where storage and some level of exchange between more widely spread communities likely negated localized fluctuations in harvests.



Japan

In contrast to Korea the spread of rice agriculture, along with millets, throughout the Japanese archipelago has often been argued by archaeologists to be through a mixture of initial migration followed by later widespread adoption (Kanaseki and Osaka Yayoi Culture Museum, 1995; Imamura, 1996; Mizoguchi, 2013, p. 53, Mizoguchi, 2019; Kaner and Yano, 2015, p. 360; Barnes, 2019; Fujio, 2021). While geneticists have often stressed the role of migration to a greater degree (Nakahashi and Iizuka, 1998; Iizuka and Nakahashi, 2002).

Despite this rice paddy agriculture has often been seen as entering Japan in a fully developed form (Sahara and Kanaseki, 1981, p. 23; Harunari, 1990, p. 127–141; Hirose, 1997, p. 50–51), the nature of Yayoi rice paddies being highly similar to those of Mumun Korea (Rhee et al., 2007).

Following the arguments outlined above the dispersal of rice agriculture through adoption by an indigenous Jomon population is seen as highly problematic. Comparatively to other cereals rice is an extremely challenging crop with high demands on relatively skilled labor (Fuller, 2011). Further, it requires considerable degrees of social organization and integration at a settlement and inter-settlement level, not just in cultivation, but also in the construction and management of water systems (Bray, 1994; Fuller and Qin, 2009; Talhelm and English, 2020). Adoption by an indigenous community even on a small scale would not only present considerable technological challenges, but substantial social reorganization. As an example, the “hunter-gather” Agta of the Philippines cultivate small plots of rain-fed rice, and occasionally small fields of irrigated rice. This knowledge was gained through “paid” work for rice farmers, although often more rice is gained through exchange of foraged and hunted items than through cultivation (Headland, 1986; Minter, 2010). While such activities are well-documented over the last 200 years during the Spanish era, many lines of evidence suggest long-term contact that potentially extends back over a thousand years (Headland and Reid, 1989).

While we consider adoption unlikely without prolonged periods of interaction, skeletal morphology and genetic studies do support complex gene-flows between indigenous Jomon peoples and incoming agriculturalists. The initial theory of Hanihara (1987, 1991), known as the dual structure hypothesis, proposed that Yayoi peoples comprised an admixture of Jomon and continental lineages, and later saw backing from genetics and linguistic studies (Hudson et al., 2020). However, a recent study has revealed a significant contribution of continental genes occurred during the Kofun Period, such that the initial contribution of indigenous Jomon into Yayoi (e.g., pre-Kofun) populations was potentially much greater (Cooke et al., 2021). This would support considerable levels of interaction and introgression between existing Jomon communities and diffusing agriculturalists, although as a note of caution genetic signatures can be lost or greatly altered over time, such that sequencing individuals at the advent of agriculture becomes essential to addressing these issues (LeBlanc, 2008).

In Japan during the Yayoi period wild foods appear to retain a greater importance during the transition to rice agriculture (Figure 4; present in over 75% of sites) in comparison to Mumun sites where they declined substantially (Figure 3; present in around 25% of sites). This is in line with arguments that wild plant staples played a very important role in supporting early rice agricultural subsistence during the Yayoi (Hosoya, 2011, 2014; Obata, 2011; Noshiro et al., 2021).

We can forward a number of possible reasons for this continued significance. Based on differences in cultural assemblages, two relatively small migrations of rice agriculturalists are considered by Miyamoto (2019), the earlier from the central coastal regions of the Korean Peninsula to the Karatsu Plain; the later second from the lower Nakdonggang basin to the Fukuoka Plain (Figure 2). These migrations might have created some disjuncture in the stability of agricultural subsistence and social relationships. In which reliance on exchange of grain to compensate for fluctuating harvests through established social ties, as had accompanied rice in its dispersal from China into the Korean Peninsula, were no longer possible.

The migration of rice farmers into northern Kyushu was followed by interactions, and potentially introgression, with local Jomon peoples giving rise to hybrid pottery styles that combined Mumun and Final Jomon traditions (Yane, 1987; Hudson, 1999, p. 121–123; Rhee et al., 2007; Mizoguchi, 2013, p. 67–68; Barnes, 2015, p. 273). This integration of Jomon people into agricultural communities might have increased the resilience of their subsistence systems with the addition of knowledge of local resources, but simultaneously begun to culturally embed reliance on wild foods into these societies.

A notable observation is that comparatively to the South-West, the dispersal of rice to Central Japan is accompanied by fewer sites producing evidence for nuts/acorns (Figure 4). This difference is conceivably related to the possibility that in the generations following the arrival of the first rice farmers in northern Kyushu, agricultural and social systems had developed to a point in which rice agriculture was more reliable and short-falls more easily mitigated against. For example, Fujio (2021) argues that the time difference between the introduction and the full adoption of rice farming took circa 250 years in Northern Kyushu, but only about 20–30 years in the Kanto region. In the transition to North-East Japan, wild starchy foods appear still of some significance, and this can potentially be explained by the lower stability of farming practices in these regions. For example, evidence from early agricultural sites in Amori, such as Tareyanagi, insinuate an abandonment and reversion to a predominantly hunting and gathering economy in the late 1st millennium BC (Takase, 2017; Fujio, 2021; Crema et al., 2022).

Considering the nature of Yayoi subsistence systems there are other factors that we might consider in relation to the continued value placed on acorns/nuts. Comparatively to Mumun Korea, a less diverse array of annual agricultural cereal crops might have been relied on. For example, wheat and barley do not appear to have been an important or prominent part of Yayoi agricultural systems (Shoda et al., 2021).

Turning to other factors that might influence a sustained use of wild plant staples, poor rice harvests likely impacted not just households occupying a single settlement, but across multiple settlements inhabiting the same valley. In these hybrid communities a continued reliance on wild resources would then potentially provide a degree of household autonomy. For example, in 19th Century Gifu acorn gathering was first conducted communally to ensure a balanced distribution of wild resources, additional gathering was then continued by individual households as the needs or size of the household demanded (Matsuyama, 1981). Acorns and nuts were collected in September, following the rice harvest, but then stored and consumed the following summer mixed with other foods (Koyama, 1982). As such the quantity of nuts and acorns harvested could be balanced against the success of the harvest then used to bulk out the previous year's stored harvest if necessary.

In keeping with this interpretation, pits with acorns/nuts, for the leaching of tannins during storage, were a common feature of Jomon sites (Sakaguchi, 2009), and are also found during the Yayoi period, particularly in northern Kyushu (Obata, 2011; Noshiro et al., 2021). These nuts/acorns are sometimes mixed with grain crops (Hosoya, 2002), although possibly such pits might also have been used exclusively to store rice and/or millets (Yi, 2014). While raised floor structures date back to the Jomon period, from the Initial Yayoi they are often more definitively interpreted as possible granaries (Aikens and Higuchi, 1982, p. 226–234; Imamura, 1996, p. 144; Mizoguchi, 2013). As with Mumun raised granaries, those on Yayoi settlements are thought to have been associated with individual households (Hosoya, 2014).

The emergence of early states during the Kofun and early historical periods saw a general drop in the representation of wild foods particularly in Western Japan (Figure 4). This change can potentially be linked to increased exchange, the wider use of communal storage and the gradual formation of more hierarchical social structures. Such changes can be traced back to the later Yayoi period, culminating in the formation of state level societies. Increased evidence for stilted granaries is seen in the Middle to Late Yayoi, from the mid 4th century BC. In parts of Western Japan these granaries are often grouped in what appear to be communal storage areas (Hudson and Barnes, 1991; Hosoya, 2014), with archaeobotanical evidence suggesting mass-dehusking at a level beyond the household (Hosoya, 2002, 2009, 2014). Alongside these changes, the Middle Yayoi also sees the enlargement and subdivision of individual settlements, such as Yoshinogari, along with centralized storage and the emergence of social elite groups (Hudson and Barnes, 1991). The growth of these settlements along with the evidence of communal storage, although later in date, is regarded as broadly analogous with developments in the Middle Mumun of Korea (Bale, 2017). This increased social stratification eventually became institutionalized in the subsequent Kofun period, 3rd to 7th Century AD (Hosoya, 2014), with an established elite symbolized by huge burial mounds.





Conclusions

Within this paper we argue that agricultural dispersal is largely driven by demic-diffusion, but that wild foods form an important part of buffering against innate uncertainty in these early subsistence systems. Such factors identified here, that might be absent within these early subsistence systems, include; an established and wider range of crops and crop varieties; long-term storage, including long-term communal storage; and more complex social ties that bonded more distant communities together when harvests failed. It is proposed that in these early agricultural societies these factors had yet to evolve to a point at which cultivation alone could sustain early agricultural populations. This might further be amplified by a situation in which the environment itself has not yet adjusted to human cultivation (Redman and Foster, 2008; Gron et al., 2020).

In mainland Britain more stable agricultural systems did not arrive until the Early to Middle Bronze Age. Prior to this in the transition from the Early to Middle Neolithic populations began to rely more heavily on pastoralism and wild plant foods than cultivated ones, to the point that cereal agriculture appears to have been largely abandoned.

In Korea, the initial spread of millet farming in the Chulmun Period, while seen as largely driven by small scale migration was likely accompanied by heavy introgression with the local population resulting in subsistence patterns with a heavy reliance on wild resources, as opposed to longer term storage and social exchange networks. The establishment of rice cultivation during the Mumun, driven by larger scale migration and demic-diffusion, saw a higher population growth, denser settlement patterns and a decline in wild plant staples. Mumun subsistence systems appeared more reliant on a wider diversity of crops along with longer term and centralize storage, and exchange, although some evidence for a continued role of acorns and wild foods in subsistence is also seen (Liu et al., 2007).

The advent of rice agriculture in Western Japan in the Yayoi sees some variation in subsistence systems compared to Korea. For example, while granaries are present, along with villages of a relatively large size, wild plant staples continued to play a prominent role. To some extent this likely reflects the nature of rice agriculture in comparison to that of other crops. Failures in rice harvests will impact at the community level rather than that of the individual farmer. As such reliance on agricultural exchange networks to alleviate against poor harvests need to work potentially at a much larger geographical and social scale than potentially for other crops. The reliance on wild staples in the form of wild/managed nuts/acorns then potentially allowed Yayoi rice agriculturalists to mitigate against fluctuating yields at a household level in the absence of alternative exchange networks through which crops were exchanged.
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The Bronze Age—Iron Age transition in Central Asia (ca. 800 BCE) was a period of significant cultural change that was heavily influenced by greater population interaction and mobility. Indeed, scholars have increasingly emphasized the role that “food globalization in prehistory” has played in defining this period. In the mountain foothills of Kazakhstan, culinary traditions from across Eurasia were combined through the use of Southwest Asian wheat, barley, and livestock (cattle, sheep, and goats) with East Asian foxtail and broomcorn millets. The development of food cultures during this period has been investigated by archaeobotanical and isotopic analysis, yet lipid residues from pottery, which directly represent culinary practices, have not been adequately examined. In this study, lipid residue analysis was conducted on 72 pottery sherds, excavated from three burial mounds and one non-burial, ritual site located in Kazakhstan, dating to ca. 700–200 BCE. A particularly informative observation was the frequency of miliacin, a biomarker of broomcorn millet, detected in residues that corresponded well with previously published regional differences observed in carbon isotope ratios of human remains that indicate the consumption of C4 plants. This study also demonstrates continuity of Bronze Age dairying traditions into the Iron Age. Finally, this study sheds new light on the diversity of food cultures and mortuary practices in this region, which were not uniform across either space or time.
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Central Asia, Early Iron Age, millet, cuisine, organic residue analysis, compound-specific isotope analysis


Introduction

Pottery production first developed among East Asian populations almost 20,000 years ago and among Southwest Asian populations around 9,000 years ago. These developments represented significant expansions in the range of foods available to humans and enabled the development of novel cooking techniques (Barnett et al., 1995; Tsuneki et al., 2017; Jordan and Gibbs, 2019). Adding to the typical toolkit of ceramic specialists (Skibo, 2015), researchers are increasingly applying biomolecular techniques to better understand the ways that archaeological pottery was used. While ancient proteins have been identified in Neolithic Anatolian pottery, providing exciting new avenues of investigation (Hendy et al., 2018), the primary biomolecular approach to understanding past pottery use remains lipid residue analysis, as these compounds are more resistant to diagenesis during heating and deposition (Eglinton et al., 1991).

Lipid residue analysis has been extensively applied to historic and prehistoric pottery, from many parts of the world, successfully identifying the use of diverse ingredients, including dairy products (Evershed et al., 2008a) and broomcorn millet (Heron et al., 2016; Standall et al., 2022), and has shed new light on a variety of different culinary practices (Cramp et al., 2011; Craig et al., 2013; Dunne et al., 2016; Shoda et al., 2020). However, this technique has only been applied to a limited number of sites from Kazakhstan and, while these studies have demonstrated the possible domestication of horses and use of horse milk around 3,500 BCE and the use of ruminant dairy products from ca. 2,100–900 BCE, no study has previously explored the diverse mixtures of foodstuffs and traditions that epitomize the beginning of food globalization in prehistory. This period of extensive East–West interaction in Central Asia incorporated the translocation of foxtail and broomcorn millet, wheat, barley, and other plant species, domesticated livestock, including cattle, sheep, and goats, in addition to material culture, people, and ideas (Jones et al., 2011; Hermes et al., 2019; Liu et al., 2019; Matuzevičiūtė and Liu, 2021). Therefore, great potential exists to investigate and elucidate how these cultural interactions are represented in the selection and combination of foodstuffs and the methods and materials used to process them, i.e., culinary practices.

In the past decade, archaeologists working in Central Asia have made major discoveries regarding: (1) the earliest dispersals of Southwest Asian crops into northern Central Asia (Zhou et al., 2020); (2) the earliest spread of domesticated sheep and goat into the Central Asian foothills (Hermes et al., 2022); and (3) the earliest westward dispersals of East Asian crops, such as broomcorn millet (Spengler et al., 2018; Yatoo et al., 2020). While archaeologists, such as Akishev, working at village sites in Southern Kazakhstan have recognized the prominence of agriculture in the economy of certain populations during the first millennium BCE (see Spengler et al., 2021), this period is often characterized by a perceived focus on specialized mobile pastoralism. Increasingly, scholars are recognizing the regionally diverse economies of this period and part of the world, with people adapting to localized environmental constraints. Among these adaptations, extensive archaeological excavation has illustrated that farming villages existed in ecologically rich mountains foothills during this time (Chang, 2022). While scholars increasingly accept that these people expressed marked regional differences in their economies, comparative data on their diets remains scarce and verifications of these interpretations with modern molecular methods, exploring culinary practices, are still lacking. Here, we apply this method to pottery excavated from three mound burials “kurgans” and one non-burial ritual “sanctuary” site, in different parts of Kazakhstan, that demonstrate clear evidence of pottery belonging to the first millennium BCE. Our aim is to better understand the diversity of cooking practices performed in the first millennium BCE, such as the frequency of millet and dairy product use and the contribution from other kinds of natural resources to cuisine.



Materials and methods

Ceramic sherds were sampled from four Early Iron Age archaeological sites across Kazakhstan, including the Tortoba kurgan site in western Kazakhstan (50°44′33″N, 54°44′59″E, n = 17, 6th to 4th century BCE), the Saba kurgan site in central Kazakhstan (49°49′41″N, 66°09′42″E, n = 11, 7th to 5th century BCE), the Katartobe kurgan site in Southeastern Kazakhstan (43°11′24″N, 80°08′27″E, n = 20, 5th century BCE), and the Akpan sanctuary site in Southwestern Kazakhstan (45°44′12″N, 55°48′26″E, n = 24, 4th to 2nd century BCE). The location of these sites is presented in Figure 1.


[image: image]

FIGURE 1
Map of Kazakhstan with the location of archaeological sites discussed in the article.


Lipid extraction and gas chromatography mass spectrometry (GC-MS) analysis was undertaken at the Nara National Research Institute for Cultural Properties and gas chromatography combustion isotope ratio mass spectrometry (GC-c-IRMS) analysis was conducted at the University of York. Samples were obtained from the internal surface of ceramic sherds using an electric model (Dremel) drill equipped with a tungsten carbide bit. Firstly, the sampling area was cleaned by removing the ceramic surface, to a depth of <1 mm, using the drill. A clean drill bit was then used to obtain approximately 2 g of ceramic powder from the sampling area by drilling to a depth of between 2 and 5 mm. Clean drill bits were used for each sherd sampled. Around 1 g of ceramic powder was accurately weighed for each extraction.


Acid extraction

We followed the protocol detailed in Craig et al. (2013) for acidified methanol extraction. Clean glass vials containing around 1 g (±5%) of ceramic powder and 10 μl of a n-tetratriacontane internal standard (1 μg μl–1) were prepared. Approximately 4 ml of methanol (CH3OH) was added to each vial before they were placed in an ultrasonic bath, set to 25°C, for 15 min. Approximately 800 μl of sulfuric acid (H2SO4) was then added to each vial before they were placed in a heating block, set to 70°C, for 4 h. The vials were cooled to room temperature then centrifuged at 4,000 rpm for 5 min. The supernatant was transferred to a new vial. Approximately 2 ml of hexane (C6H14) was added to the new vials, mixed using a vortex mixer, and allowed to stand for several minutes for static separation. The supernatant (hexane) layer containing extracted lipids was then transferred to a third vial. The process of adding, mixing, and transferring hexane was repeated two additional times. The extract was then dried under a gentle nitrogen gas flow. Hexane was added to the dried extract, mixed, and transferred to a GC vial containing 10 μl of the internal standard n-hexatriacontane (1 μg μl–1), in two stages (first time: 90 μl and second time: 50 μl), to produce a final extract suspended in 150 μl of hexane. One blank and standard was processed with each batch to identify any potential contamination that may have occurred during the extraction process.



Solvent extraction

We followed the protocol detailed in Evershed et al. (1990) for solvent extraction. Vials containing around 1 g (±5%) of ceramic powder and 10 μl of a n-tetratriacontane internal standard (1 μg μl–1) were prepared. Approximately 5 ml of dichloromethane-methanol (DCM:MeOH, 2:1 V/V) was added to each vial before they were placed in an ultrasonic bath, set to 25°C, for 15 min. The vials were then centrifuged at 4,000 rpm for 15 min followed by transfer of the supernatant to a new vial. The process of adding, mixing, and transferring DCM:MeOH was repeated two additional times. The extract was then dried under a gentle nitrogen gas flow. Hexane was added to the dried extract, mixed, and transferred to a GC vial containing 10 μl of the internal standard n-hexatriacontane (1 μg μl–1), in two stages (first time: 90 μl and second time: 50 μl), to produce a final extract suspended in 150 μl of hexane. One blank and standard was processed with each batch to identify any potential contamination that may have occurred during the extraction process. Solvent extracts were derivatized using BSTFA + TMCS, 99:1 [N, O-bis (trimethylsilyl) trifluoroacetamide with 1% trimethyl-chlorosilane] prior to analysis by GC-MS.



Gas chromatography mass spectrometry

Extracts were analyzed by gas chromatography–mass spectrometry using a Shimadzu GCMS-QP2010Ultra. The inlet temperature was set to 300°C and 1 μl sample was introduced to the GC-MS using the splitless injection method. An Ultra ALLOY-5 (Frontier Laboratories Ltd., Japan: 30 m × 0.25 mm, film thickness 0.25 μm) column was used. The oven temperature was set to 50°C for 2 min, then raised to 325°C, at 10°C/min, and held for 12 min. The m/z scan range was between 50 and 800, with a total acquisition time of 41.5 min. The ion source temperature was set to 230°C and ionization voltage to 70 eV. Helium was the carrier gas, with a flow of 3 ml/min.

Samples were also analyzed in SIM mode for the detection of miliacin. The oven temperature was set to 50°C for 1 min, raised to 280°C at 20°C/min, then raised to 325°C at 5°C/min, and held for 8.5 min. Selected ions were m/z 189, 294, 231, 425, and 440, with a total acquisition time of 30 min. The ion source temperature was set to 230°C and ionization voltage to 70 eV. Helium was the carrier gas, with a flow of 3 ml/min.



Gas chromatography combutsion isotope ratio mass spectrometry

Acidified methanol extracts that contained sufficient quantities of C16:0 and C18:0 n-alkanoic acids were subjected to GC-c-IRMS according to the method detailed in Craig et al. (2012). The GC-c-IRMS used consisted of an Agilent 7890B GC-MS connected to an Isoprime GC5 interface and an Isoprime 100 IRMS. The inlet temperature was set to 300°C and 1 μl sample was introduced to the GC-MS using the splitless injection method. A DB-5MS UI (J&W Scientific technologies, USA: 60 m × 0.25 mm, film thickness 0.25 μm) column was used. The GC oven temperature was set to 50°C for 0.5 min, then raised to 175°C at 25°C/min, and maintained for 20 min. The eluate was introduced directly from the column to the interface and carbonized in a GC5 tube (CuO) held at 850°C. Clear separation of the analyzed peaks was achieved with high resolution. The eluate from the interface was ionized by electroshock in the IRMS, with intensities at m/z 44, 45, and 46 measured and the 13C/12C ratios calculated on a computer using Ion Vantage and IonOS software (Isorime, Cheadle, UK). Results of the measurements were expressed as per mill (‰) relative to the international standard V-PDB. For accuracy and precision of the measurements, standards with known isotopic ratios (Indiana standard F8-3) were used.




Results


Gas chromatography mass spectrometry

Quantified lipid residue concentrations and a list of major compounds detected in each sample are presented in Table 1, with a summary of results from each site presented in Table 2. All of the samples analyzed in this study contained interpretable quantities of lipids (>5 μg g–1 for pottery sherds, Craig et al., 2013). Differences in lipid concentration between sites (Table 2) may derive from either variation in environmental factors or the original context of their use.


TABLE 1    The summarized results of lipid residue analysis of pottery.
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TABLE 2    Summary of the results of molecular analysis per site.

[image: Table 2]

Acidified methanol extracts primarily consisted of palmitic (C16:0) and stearic (C18:0) acids, with a range of other saturated (C6:0–C30:0), mono-unsaturated (C16:1–C22:1), poly unsaturated (C18:2), and branched chain (C15 and C17) fatty acids, dicarboxylic acids (C6–C14), and alkanes (C12–C35), present in some of the samples (Figure 2). Phytanic acid was frequently identified in samples from Katartobe (6 of 20), Saba (9 of 11), and Tortoba (9 of 17), and 4,8,12-trimethyltridecanoic acid (TMTD) was observed in samples from Katartobe (n = 1) and Saba (n = 2). In addition, a low abundance of C18 APAAs were identified in samples from Saba (n = 2) and Akpan (n = 4). However, these compounds were often present in distinct samples. Therefore, while aquatic product processing may be identified by the observation of C18–22 ω-(o-alkylphenyl)alkanoic acids (APAAs) and isoprenoid fatty acids, i.e., TMTD, phytanic, and pristanic acids (Hansel et al., 2004; Evershed et al., 2008b), it is difficult to assess the extent to which aquatic resources contributed to these residues with confidence. A series of compounds characteristic of heated Pinaceae resin, including retene, methyl dehydroabietate, and 7-oxo-dehydroabietic acid (Modugno and Ribechini, 2009), were identified in one sample (KAT017I) from Katartobe. These compounds may derive from wood smoke, cooking, and firing while using Pinaceae species as fuel.
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FIGURE 2
Typical partial gas chromatogram of the Saba potsherd (SAB004IAE) lipid extract. (A) Partial total-ion chromatogram of the acidified methanol extracts. Peak identities–Cx:y: saturated fatty acids with x carbon length and number of unsaturations y, ■: α,ω-dicarboxylic acids with carbon chain C8-C11. phy, phytanic acid; IS-1, n-tetratriacontane; IS-2, n-hexatriacontane. (B) The summed m/z 105 and 290 ion chromatogram shows the presence of ω-(o-alkylphenyl) alkanoic acids with 18 carbon atoms (*). (C) Chemical structure of APAAs.


A series of phytosterols, including campesterol and β-sitosterol were identified in several solvent extracts from Tortoba (n = 4) (Figure 3). Cholesterol was frequently observed together with monoacylglycerols (MAGs), diacylglycerols (DAGs), and long chain ketones. Dehydroabietic acid, a compound present in species from the family Pinaceae (Costa et al., 2016), was detected in samples from Saba (n = 2) and Tortoba (n = 1).
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FIGURE 3
Typical partial gas chromatogram of the Tortoba potsherd (TOR001ITLE) lipid extract. (A) Partial total-ion chromatogram of the solvent extracts. Peak identities–Cx:y: saturated fatty acids with x carbon length and number of unsaturations y,△: n-Alkanes, *plasticizer contamination. MAGs, monoglycerides; DAGs, diglycerides; IS-1, n-tetratriacontane; IS-2, n-hexatriacontane. (B) The summed m/z 129 ion chromatogram shows the presence of sterols. (C) Chemical structure of the Cholesterol, Campesterol, and β-sitosterol.


Miliacin (olean-18-en-3β-ol methyl ether) was identified in acidified methanol and solvent extracts from Katartobe (n = 15), Akpan (n = 3), and Tortoba (n = 3), although it was absent from Saba (Figure 4). Interestingly, there was a notable difference in the relative abundance of miliacin between Katartobe, Tortobe, and Akpan, with much lower abundances observed at the latter two sites. This data may indicate a difference in either the frequency or quantity of broomcorn millet processed in these vessels, although other factors, such as preferential preservation conditions, may have also contributed to the observed difference.
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FIGURE 4
Typical partial gas chromatogram of the Katartobe potsherd (KAT003ITLE) lipid extract. (A) Partial total-ion chromatogram of the solvent extracts. Peak identities–M, miliacin; IS-1, n-tetratriacontane; IS-2, n-hexatriacontane. (B) The summed m/z ion 189, 204, 231, 425, and 440 chromatograms show the presence of miliacin. (C) Mass spectrum of miliacin detected from the extracts. (D) Chemical structure of miliacin.


The relative abundance of iso- and anteiso- branched chain C15 and C17 fatty acids present in acidified methanol extracts was calculated to assess the contribution of aquatic resources to residues (C15ivstot = i15:0/i15:0 + a15:0, C17ivstot = i17:0/i17:0 + a17:0, Demirci et al., 2021). There was no significant difference between C15ivstot/C17ivstot values from the four sites (Katartobe: 0.38/0.42, Saba: 0.43/0.50, Tortoba: 0.42/0.41, and Akpan: 0.44/0.40), all of which demonstrated lower ratios than predominantly aquatic residues from Europe (C15ivstot range = 0.39–0.82 and mean = 0.61; C17ivstot range = 0.22–0.66 and mean = 0.53, Demirci et al., 2021) and corresponding values from modern fish (C15ivstot 0.59 ± 0.1; C17ivstot 0.59 ± 0.5, Hauff and Vetter, 2010).

Finally, the ratio of palmitic and stearic acids (P/S) was calculated to assess the contribution of plant lipids to residues (Dunne et al., 2016). The mean P/S values were greater at Katartobe (2.4) and Tortoba (2.3) than at Saba (1.1) and Akpan (1.0), corresponding to the frequency of miliacin and phytosterols at the former two sites, respectively. However, it is difficult to accurately evaluate the extent of plant lipid contribution to residues from this data alone.



Gas chromatography combustion isotope ratio mass spectrometry

Stable carbon isotope values (δ13C) of two major n-alkanoic acids (C16:0 and C18:0) were measured to obtain further information on the origin of the residues. The results demonstrate a broad range of δ13C16:0 (−27.21 to −19.78‰) and δ13C16:0 (−31.77 to −20.00‰) values (Table 1). In Figure 5, the δ13C16:0 and Δ13C (δ13C18:0–δ13C16:0) values of samples from this study are plotted against reference ranges of modern and authentic archaeological plant and animal lipids (Lucquin et al., 2018; Cubas Morera et al., 2020; Taché et al., 2021), enabling the discrimination of ruminant adipose and dairy oils (Evershed et al., 1999; Copley et al., 2003). Residues from Tortoba, Saba, and Katartobe predominantly comprise ruminant adipose and dairy fats, whereas most samples from Akpan plot within the range of non-ruminant adipose and aquatic oils. However, these results must be carefully interpreted given the potential effects that mixing products, such as millet, may have on the isotopic composition of residues (Taché et al., 2021) as is discussed below.
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FIGURE 5
Plot of the offset between the δ13C values of stearic and palmitic acids (Δ13C value) against the δ13C value of the palmitic acid. Reference ranges show quartile ranges based on data from existing studies (Dudd and Evershed, 1998; Spangenberg et al., 2006, 2010; Gregg et al., 2009; Outram et al., 2009; Dunne et al., 2012; Spiteri, 2012; Craig et al., 2013; Horiuchi et al., 2015; Miyata et al., 2015; Taché and Craig, 2015; Choy et al., 2016; Heron et al., 2016; Lucquin et al., 2016; Courel et al., 2020; Pääkkönen et al., 2020; Taché et al., 2021). The hypothetical mixing curves (Taché et al., 2021) are compared with the plots to verify when the offset values are large due to the mixing of millets.





Discussion


The frequency and abundance of miliacin, a biomarker for broomcorn millet

Miliacin is a pentacyclic triterpene methyl ether (PTME) concentrated in the seeds of P. miliaceum (broomcorn millet). Species in closely related genera of the panicoid and chloridoid subfamilies—Panicum, Pennisetum, Paspalum, Digitaria, Chionochloa, Eragrostis, Glyceria, and Microstegium—are also reported to produce miliacin, in varying abundance, in addition to other PTMEs (Jacob et al., 2005; Bossard et al., 2013). However, it is unlikely that any of these species, other than P. miliaceum, was actively used as an important food source in East and Central Asia. Therefore, the detection of miliacin in cooking pots may be directly attributed to the processing of P. miliaceum (Shoda et al., 2021).

While it is not possible to reliably compare the frequency of miliacin observations at each site, due to varied and small sample sizes, this dataset potentially highlights regional differences in the extent to which P. miliaceum was processed in cooking pots (Figure 6). It is evident that P. miliaceum was processed in a proportionally greater number of vessels at Katartobe than other sites examined in this study. This may reflect either greater or more varied use of the cereal in cooking pots, perhaps representing regional culinary culture. However, it is important to note that an absence of miliacin does not necessarily demonstrate that P. miliaceum was not processed, as questions remain as to the development of broomcorn millet residues and the survivability of miliacin (Standall et al., 2022). Complicating this matter further are the high δ13C16:0 values observed at Akpan, relative to other sites examined, that may reflect a contribution of lipids from either P. miliaceum, aquatic resources, or combinations of the two. Therefore, while a substantial contribution of lipids from P. miliaceum is perhaps unlikely, our findings remain tentative and warrant further investigation. In addition, it is difficult to assess the economic significance of P. miliaceum from these data alone, as only culturally significant sites were examined. Further research is necessary to assess the use and uses of this cereal beyond culturally significant sites in order to understand the significance of P. miliaceum in subsistence strategies.
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FIGURE 6
The location of the sites studied and their percentage of miliacin detection per site.




Other plant biomarkers

Phytosterols, including β-sitosterol, campesterol and stigmasterol, were identified in four samples from Tortoba indicating the presence of plant products in pottery, although it is not possible to identify their source.

The identification of retene in KAT017I demonstrates the exploitation of Pinaceae species. However, there is no indication as to how this resource was exploited, as the transfer of resin markers may have been either deliberate or indirect. These compounds may be transferred during either the firing process, cooking, pitch production, or the application of pitch as a sealant (Colombini et al., 2005; Drieu et al., 2020). The presence of dehydroabietic acid in other samples cannot be confidently attributed to the exploitation of Pinaceae species as this compound is a potential environmental contaminant (Horiuchi et al., 2013).



Mixing of foodstuffs

Ceramic-absorbed organic residues represent an accumulation of lipids throughout the use-life of a vessel (Miller et al., 2020). Therefore, it is important to consider the effects that both concurrent and sequential mixing of different foodstuffs may have on the isotopic composition of a residue. For instance, recent studies have demonstrated that isotopic values indicative of ruminant adipose fats (Dudd and Evershed, 1998; Dunne et al., 2012) may be formed by the mixing of millet with either C3-fed ruminant carcass or dairy fats (Taché et al., 2021). In addition, it is important to consider that the isotopic composition of a product may be influenced by environmental conditions (Fernandes et al., 2018) and that any such differences between archaeological residues and modern reference material must be accounted for during interpretation.

Samples that contain miliacin and phytosterols plot within the range of C3-fed ruminant adipose, dairy, and non-ruminant products (Figure 5), likely indicating that plant products were processed with a variety of different ingredients, either concurrently or sequentially. Understanding the composition of residues containing miliacin becomes difficult when isotopic data is viewed with theoretical mixing models. Samples that occupy the space between C3-fed non-ruminant—millet and C3-fed ruminant—millet mixing curves, such as TOR016I, AKP003I, and AKP011I, cannot be confidently attributed to either, as there is substantial natural variation in the isotopic values of different products resulting in overlapping values. In the same manner, while KAT013I and TOR012I produced Δ13C values that correspond to the ruminant dairy products, they plot between C3-fed ruminant—millet, and C3-fed ruminant dairy—millet mixtures, making their interpretation more difficult.



Differences in pottery use between sites

There is a clear isotopic distinction between the dominant source of lipids at Akpan and the other three sites investigated. While ruminant (e.g., sheep, goat, and cattle) products were the primary ingredient at Saba, Katartobe, and Tortoba, residues from Akpan primarily comprise non-ruminant lipids. Higher δ13C16:0 and Δ13C values at Akpan may derive from the processing of products including aquatic resources, horse meat and dairy, C4-fed non-ruminant animals, and C4 plants. However, given the low frequency of miliacin observations at Akpan (13%) and the low abundance in which it was observed, it is unlikely that P. miliaceum was the dominant source of 13C enrichment in these samples. Indeed, it is questionable whether P. miliaceum directly contributed to residue formation in any of the samples that do not contain miliacin. The proximity of Akpan to the Caspian Sea raises the possibility of aquatic resource processing, yet the absence of aquatic biomarkers, which are often poorly preserved, prevents confirmation of this hypothesis.

Previous analysis conducted on ceramics from Bronze Age settlement and cemetery sites in northern Kazakhstan demonstrated dominant contributions of ruminant adipose and dairy fats to residues (Outram et al., 2011, 2012). The data from this study, specifically from Saba, Katartobe, and Tortoba, indicate that dairying traditions may have continued into the Iron Age.

The isotopic distinction between residues from Akpan and the three kurgan sites raises the possibility that different foodstuffs were processed during different activities, such as burials and ritual sacrifices, practiced at kurgan and sanctuary sites. While this data indicates a distinction in the use of 13C enriched products at Akpan and dairy products at the kurgan sites, further research is necessary to fully explore these observations and determine their reliability and significance to local cultures.



Comparing lipid residue and human and animal bone collagen stable isotope datasets

Bronze Age human remains from the Gansu Corridor and Xinjiang Uyghur Autonomous Region in China demonstrate a significant East–West distinction in carbon isotope values that is attributable to the degree of C4 plants incorporated into diets (Wang et al., 2017). Late Bronze Age and Iron Age human isotope data from Kazakhstan are presented in Figure 7. These data demonstrate the greatest degree of 13C enrichment in South–Eastern Kazakhstan that corresponds with the most frequent and abundant observation of miliacin, observed during this study, at Katartobe. These datasets suggest that broomcorn millet was more important to subsistence in this region, during the LBA and IA, than the other regions of Kazakhstan studied. Indeed, South–Eastern Kazakhstan occupies part of the “Inner Asian Mountain Corridor” that is currently understood to have been integral in the translocation and adoption of this crop throughout Eurasia (Frachetti, 2012; Spengler et al., 2014).
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FIGURE 7
Scatter plots with 68.3% (1σ) confidence ellipses of the stable carbon and nitrogen isotope values of human bone collagen from the Late Bronze Age to the Iron Age Kazakhstan (after Ananyevskaya et al., 2020; Figure 5).


As previously mentioned, the population of Akpan may have extensively exploited aquatic resources from the Caspian Sea. Human isotope data potentially supports this hypothesis, as higher δ15N values of individuals from western Kazakhstan (Figure 7) correspond to higher δ15N values of fish from the Caspian and Aral Sea regions, relative to their freshwater counterparts (Haruda et al., 2020; Itahashi et al., 2020).

Although there are no animal remains reported from the Akpan site, this supports the assumption that the enriched δ13C values could originated from aquatic resources.




Conclusion

This study illustrates different pottery cooking patterns at four cemetery and ritual sites across Kazakhstan, dating between 700 and 200 BCE. The results demonstrate some correspondence to trends observed in human and animal bone collagen isotope analyses in the studied regions. Specifically, the data seem to indicate that broomcorn millet was more intensively processed in the foothill zones of eastern Kazakhstan, during the first millennium BCE, than in Central and Western Kazakhstan, as previously discussed by Spengler et al. (2021) although the sample size is limited compared to the size of the study area. The observation of miliacin in ceramic-absorbed residues suggests that broomcorn millet was a readily prepared ingredient in these vessels and connects the grain to the East Asian boiling and steaming culinary traditions from which it originated (Fuller and Rowlands, 2011). In the light of this observation, there is an interesting comparison with wheat and barley that traveled into eastern and central China from Central Asia, during the second and first millennium BCE. Contrary to broomcorn millet, wheat and barley grain morphotypes and western grinding and baking cuisine traditions did not spread together (Ritchey et al., 2021).

In addition to climatic and environmental conditions, dietary patterns can be closely related to political and economic factors, such as human mobility and trade. Therefore, further investigation of transitions in dietary and cooking traditions at these sites will shed new light on dynamic East–West interactions in the later part of Central Asian prehistory. Comparison of lipid residue and isotopic datasets will enable consideration of cooking methods and the extent of consumption, in addition to elucidating the type (age, sex, and social status) of people that consumed broomcorn millet. Certainly, such combined analysis will demonstrate the diversity of food cultures in different regions and lead to a better understanding of the history of East–West exchanges in the Eurasian continent.
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The earliest settlements and states in the Horn of Africa were founded in mid to high-elevation areas by farmers and herders who were pioneers in agriculture and herding. Even today, places between mid- and high-elevation remain densely populated. The ancient Pre-Aksumites and Aksumites (1600 cal BCE–800 cal CE) of the north Ethiopian and Eritrean highlands established one of the most powerful states in the Horn of Africa in these high elevation areas through control of long-distance trade and intensive and extensive agriculture. However, despite the fact that agriculture was a significant source of wealth and subsistence for these ancient polities, there has been little research into the agricultural strategies of Pre-Aksumite and Aksumite societies. Using archaeological and faunal data collected from the site of Mezber dating from 1600 cal BCE to 400 cal CE, as well as prevsiously published data, this article provides zooarchaeological evidence for the earliest farming practices in the Horn of Africa. The research demonstrates a resilient highland agricultural strategy based on multispecies animal and plant resources, similar to most tropical agricultural systems today. A second important strategy of Pre-Aksumite farmers was the incorporation of both indigenous and exogenous plants and animals into their subsistance strategies. The Mezber site also offers one of the most thoroughly collected data to support multispecies farming practice in the north Ethiopian and Eritrean highlands.
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Introduction

The transition from hunting and gathering to an agricultural way of life was a crucial time in human history. Agriculture was an especially important economic strategy for many ancient complex societies ranging from China to Mesoamerica (Blench and MacDonald, 2000; Ascalone and Frongia, 2007; Arbuckle, 2014; Denham et al., 2016). It helped people occupy new environments and create new economic niches. This process contributed to the rise of powerful states, polities, cities, and urban centers globally (Zeder, 1991; Zeder et al., 2006; Denham et al., 2016). Agropastoral products also fueled major ancient long- and short-distance global trade networks such as the silk and spice routes (Sidebotham, 2011; Frankopan, 2015; Frachetti et al., 2017; Spengler, 2019). Plants and animals transported thousands of miles across land and maritime trade routes were key in the formation of early agricultural systems. These early agriculture complexes, however, are less studied than domestication processes due to a scarcity of data and greater focus on studies in areas of the world where plant and animal domestication took place in situ (Zeder et al., 2006; Harrower et al., 2010; Denham et al., 2016). Understanding early agricultural systems provides not only a unique insight into the ways humans managed plants and animals in the past but also provides information on the technologies developed by early farmers to maintain and integrate the newly introduced domestic species to local environments and farming practices, as well as to maximize production and preserve biodiversity.

Case studies of prehistoric and historic agricultural strategies in the archaeological record—where there is evidence of successful implementation of local farming technologies for an extended period—provide information on the ways early farmers were instrumental in the creation and maintenance of resilient farming systems. A society dependent on an agricultural economy must develop a farming technology that is suitable for local environmental challenges. These environmental challenges could range from unpredictable seasonal rainfall to altitude, disease, drought, and war. Zooarchaeological studies globally, for example, show how and why early farmers developed cattle, sheep, goat, and chicken breeds that were meant to thrive in diverse natural and cultural environments. For example, dwarf or small-sized cattle, sheep, and goat breed types were developed in West Africa starting around 2000 BCE to deal with humidity-related diseases such as trypanosomiasis, a fly-borne disease (MacDonald and MacDonald, 2000; Gifford-Gonzalez and Hanotte, 2011). The diversity of domesticated maize (Zea mays ssp. mays) found widely distributed in Central, North, and Mesoamerica, on the other hand, is a good example of breed selection that is motivated by increased production and cuisine preference (Wang et al., 2017; Yang et al., 2019). This biodiversity is often created and maintained through continuous selection by local farmers over many generations (Wang et al., 2017). Not all early agricultural systems were, however, successful. We see this in the failure and multiple reintroductions of domestic animals in places such as Cyprus (Vigne et al., 2011).

Livestock played a significant role in the agricultural strategy of early settled farmers and mobile pastoralists in the Horn of Africa. Over the past few decades, research has increased our understanding of the origins and development of livestock keeping in the Horn prior to the Aksumite period (Shaw, 1995; Marshall, 2000; Marshall and Hildebrand, 2002; Gifford-Gonzalez and Hanotte, 2011; Lesur et al., 2014). Zooarchaeological and genetic studies demonstrate that major domesticates, such as cattle (Bos taurus), sheep (Ovis aries), and goats (Caprus hircus) have been central to the economic history of Africa, affecting mobile pastoralists, settled farmers, and urban dwellers (Mitchell, 2005; Pérez-Pardal et al., 2018). Domestic donkeys (Equus asinus) (circa [ca.] 6000 Before Present [BP]) (Marshall, 2007; Rossel et al., 2008; Kimura et al., 2013) and possibly cattle (ca. 9500 BP) (Wendorf and Schild, 1980; Stock and Gifford-Gonzalez, 2013) were the only animals domesticated in Africa. Mobile herders spread taurine cattle, donkeys, and ancient Asian sheep and goat breeds throughout arid northeastern Africa after 7000 BP. Cattle, sheep, and goats first appear in the Sudan ca. 6000 BP and northern Kenya ca. 5000–4000 BP. By 4700–3500 BP, sheep at Kerma in Sudan were long-legged and hairy breeds without fat tails (Chaix and Grant, 1987). By 3000–2000 BP in eastern Africa, distinctive large cattle appear, which have been linked to the introduction of humped cattle to Africa (Marshall, 1989). To date, evidence for herding in the rugged Ethiopian highlands is documented only at ca. 3500 BP, with pastoralist contexts suggesting similar processes of pastoralist migration and faunal transfer to those documented elsewhere in northeastern Africa, with the possibility of mountain barriers to early introduction (Marshall, 2000; Negash, 2001; Lesur, 2007; Lesur et al., 2014; Negash and Marshall, 2021).

In this article, we discuss the agricultural practices of the Pre-Aksumite and Aksumite polities, which controlled the northern Ethiopian and Eritrean highlands between 1600 cal BCE and 800 cal CE. Large faunal assemblages have been published from two sites in the Aksumite capital (Cain, 1999, 2000; Chaix, 2013) but beyond this little is known about the appearance or earliest husbandry of domestic animals in the Ethiopian highlands. Here we present new zooarchaeological data from the site of Mezber, a Pre-Aksumite highland elite-rural farming settlement in eastern Tigray, Ethiopia (Figure 1). The Mezber site was occupied continuously for at least 1,600 years (D’Andrea et al., in review)1. In this article, we identify the evolution of farming in the Horn of Africa by analyzing and discussing the way Pre-Aksumite rural farmers structured livestock keeping strategies. We compare data from Mezber with datasets from previously studied sites such as the D and K sites at Aksum (Cain, 1999, 2000), and ON and OAZ at Bieta Giyorgis (Chaix, 2013; Supplementary Table 1), to assess the farming technology of the Pre-Aksumites and Aksumites living in highland regions. These findings reflect on how an agricultural strategy that combined both indigenous and exogenous farming technology helped Pre-Aksumite and Aksumite elites, leaders, and farmers establish one of the most successful precolonial African states. It has been argued that the ancient Pre-Aksumites and Aksumites gained power and prestige through control of long-distance trade and prosperous agriculture. However, there has been very little study of the agricultural strategies prior to or during the Aksumite period that allowed the Aksumites to create such a powerful state and adapt to a highland environment.
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FIGURE 1
The location of the Pre-Aksumite site Mezber and Aksumite sties mentioned in the text (sites D, K, and Ona Nagast).


The earliest cattle, sheep, and goat remains in Ethiopia date to ca. 3500–3900 BP and were found at the site of Lake Besaka in central Ethiopia (c. 3500 BP) (Brandt, 1982), Danei Kawlos (3358 ± 47 BP, A-0214) (Negash and Marshall, 2021), at Gobedra (c. 3000 BP) (Phillipson, 1977) in northern Ethiopia, and at the site of Laga Oda in eastern Ethiopia (c. 3500 BP) (Clark and Prince, 1978). Although these dates signify a trajectory of movement of domestic cattle, sheep, and goats from North to South in Africa, there is still a lacuna in our understanding of the timing and the possible pathways for the spread of these domestic species. The goal of this study from Mezber is to fill these gaps and offer future research trajectories.



Pre-Aksumite and Aksumite societies, animals, and external relations

Pre-Aksumite (1600–450 cal BCE) and Aksumite (450 cal BCE–800 cal CE) peoples of the North Ethiopian and Eritrean highlands were well known for their extensive global trade relations from at least the early first millennium BCE to the late first millennium CE. Highland cities such as Aksum, Matara, and Yeha were occupied by elites that had contacts in the Arabian Peninsula, and from the second century onward had strong ties to Christian communities in West Asia, ancient Rome and the Nile Valley (Harrower et al., 2020). Trade routes linked these highland cities to the coastal port of Adulis, from which they conducted both direct and indirect trade across the Red Sea and Indian Ocean and inland north to the Nile Valley. Ancient epigraphic sources support that the Aksumites were importing prestige goods such as Roman glass, beads, wine, and olive oil and exporting a wide range of goods, including exotic animals such as civets and monkeys, and animal products including ivory, rhinoceros horn, hippopotamus hide and teeth, and tortoiseshell (Kobishchanov, 1979; Cain, 2000). There is also abundant archaeological evidence for imported ceramics and glass, but little for animal imports or exports. These trade interactions are best known from studies of South Arabian and Mediterranean ceramics as well as art and ancient documents and inscriptions (Fattovich, 1990, 1977; Manzo, 2009).

More recently, locally-based agriculture has been seen as the basis for the wealth, subsistence, and cultural complexity of the Aksumites (450 cal BCE–800 cal CE) (D’Andrea et al., 2008b; Harrower et al., 2010). Phillipson (2012) emphasizes the significance of African cattle to the Aksumite economy. However, the role of introduced crops in Aksumite agriculture has also long been recognised. Studies of the nature of domestic African cereals and the introduction and integration of West Asian cereals in ancient economies of the Horn of Africa have shown an intricate relationship between the incorporation of exotic crops and local innovation, which is still not fully understood. West Asian domesticates including wheat, barley, flax, and lentils and African domesticates such as t’ef and sorghum were both utilised in the Horn and adjacent regions by the early- to mid-first millennium BCE (Phillipson, 2000; D’Andrea et al., 2008a, 2011; Schmidt et al., 2008; Beldados and Costantini, 2011).

Even less is known about the timing of the introduction and process of integration of Asian animals such as humped cattle (Bos indicus), sheep (Ovis aries) and goat (Caprus hircus) breeds, camels (Camelus dromedarius), and chickens (Gallus gallus domesticus L.) into early farming systems and agricultural practices of the Horn. Faunal evidence for the earliest humped cattle in Ethiopian farming systems has proven inconclusive, with small numbers of bifid vertebrae suggestive of humped cattle at Aksum (Cain, 2000). Microsatellite genetic analyses of contemporary African cattle demonstrate that humped cattle were introduced to the rest of Africa from the Horn (Hanotte et al., 2002). Several Aksumite ceramic basins with figurines depict yoked cattle pulling plow (Phillipson, 2012). The practice of plowing is also distinctive of Ethiopian farming and is thought to have been introduced to the Horn, probably during the Pre-Aksumite period.

Evidence for early camels has so far proven elusive, with direct dates impossible to obtain from Gobedra where camel bones were found in a rock shelter context (Phillipson, 1977). While chickens have not been widely considered a component of the Aksumite agricultural complex, recent faunal data from Mezber and Aksum suggests the possibility that they were present in the Ethiopian highlands earlier than previously assumed (c. 3000 BP) (Woldekiros and D’Andrea, 2017). It has been further suggested that the Horn of Africa was a possible route for the introduction of chickens to Africa (MacDonald, 1992; Gifford-Gonzalez and Hanotte, 2011).

In general, floral and faunal exchanges in the Horn are widely thought to have been related to Aksumite trading activities in the Red Sea region (Marshall, 2000; Hanotte et al., 2002). Recent research suggests that efficient seafaring and small-scale opportunistic entrepreneurs on the coast played a significant role in changing the configuration of early farming systems in East Africa and the Horn through their interactions with inland societies (Fuller et al., 2011). Harrower et al. (2010), however, suggest that general models that consider early farming communities like the Pre-Aksumites to have partially received their agricultural life-ways from elsewhere give insufficient consideration to the complexity of these processes.



Archaeological context

The site of Mezber is a Pre-Aksumite rural settlement located in eastern Tigray, in the northern Ethiopian highlands (Figure 1). The site is 0.83 hectares, located in a valley bottom along a stream at 2,242 m above sea level, and surrounded by plateaus and mountains. Mezber was discovered in 2005 by the Eastern Tigrai Archaeological Project (ETAP) (D’Andrea et al., 2008b; Harrower and D’Andrea, 2014). The site was excavated from 2007 to 2012 and proceeded in five units or Fields (A-E). Fields A-E were further subdivided into areas (e.g., A1, A2, etc.) following Harrison et al., 2006; (Figure 2). Excavation has revealed an early and long sequence of material culture dating from the mid-second millennium to the end of the first millennium BCE (D’Andrea et al., 2011; D’Andrea et al., in review see text footnote 1). Our research here discusses one of the most significant large farming faunal assemblages known for the region in the context of four major phases identified for Mezber. D’Andrea et al’s (D’Andrea et al., in review see text footnote 1; D’Andrea and Welton, in preparation)2 forthcoming chronology based on 40 accelerator mass spectrometry dates (AMS) collected from well-preserved bones, plants, and charcoal (Table 1) stratigraphic data and Bayesian modelling indicates that the site was continuously occupied for at least 1,600 years with four clear occupational phases. The dates for these phases, ranging from the earliest to the latest, include ca. calibrated (cal) 1600–900 BCE (Initial), ca. cal 850–750 BCE (Early), ca. cal 500–400 BCE (Middle), and ca. cal 400 BCE–25 cal CE (Late) Pre-Aksumite phases (D’Andrea et al., in review see text footnote 1; Table 2). Full publication of detailed results from all the calibrated AMS dates and associated archaeological features is in progress (D’Andrea et al., in review see text footnote 1).
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FIGURE 2
Fields/contexts with faunal remains excavated at Mezber. Map by Lynn Welton.



TABLE 1    Accelerator mass spectrometry radiocarbon dates of fauna from household context at Mezber (D’Andrea et al., 2011; Woldekiros and D’Andrea, 2017; Mercuri et al., 2018).
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TABLE 2    Mezber modelled phases (from D’Andrea et al., in review see text footnote 1).
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Mezber is a rural farming settlement with possible elite groups that was probably owned by one or more extended family units. The status of the site as an elite settlement is exhibited by the scale of the architecture, which includes one large building and several rectangular stone-walled buildings and room structures sometimes separated by stone-pavements. The architecture is marked by at least two distinctive building styles associated with the Early (ca. cal 850–750 BCE) and Middle (ca. cal 500–400 BCE) Phases respectively. Functions of identified spaces vary from living areas to cooking spaces to possible grain threshing areas. Unlike the Early and Middle Phases, no architectural features or buildings have been associated with the Initial Phase. The archaeological features associated with the Initial Phase may indicate utilisation of the site by semi-mobile pastoralists.

To date, excavations with systematic retrieval of biological data that bear on trade and exchange and early agricultural strategies have been conducted at only a handful of urban settlements. These include the elite areas of Aksum, Beita Georgis (Bard et al., 1997), the D site (Phillipson, 2000), and Asmara Plateau (Schmidt et al., 2008). Mezber is the first rural settlement to have been excavated and yields the most substantial faunal samples for the region.



Materials and methods

Zooarchaeological specimens were recovered from seven different contexts with established proveniences and AMS dates: Field A.1 (one complete room and a cobbled surface); A.2 (walls and domestic space); A.3 (rooms and a unique hearth-like feature); B (compare [cf.] outdoor crop processing area); C (room fill); D (room fill); and E (room fill and trash disposal area) (Figure 2). Each field included deep soundings excavated to bedrock. In order to make a meaningful analysis, the samples were grouped into the four main cultural phases, and interpretations of animal remains were based on stratigraphic information available from deep sounding in Field C (stratigraphic trench), that provided a continuous representation of the cultural sequences found at the site (D’Andrea et al., in review see text footnote 1). In addition to the AMS dates and stratigraphic information from deep sounding C and other fields, chronology for the faunal analysis was also based on direct AMS dates from, chicken, cattle, domestic dog, and donkey bones (Table 1). Sample size data for each excavation area, for all the field seasons, are summarised in Table 3 and Figure 3.


TABLE 3    Horizontal distribution of animal remains at Mezber.
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FIGURE 3
Sample size by phase and field.


Zooarchaeological identifications were made using ETAP reference collections and by following African zooarchaeological protocols for recording animal bones (Gifford et al., 1980; Walker, 1985; Marshall, 1990). Avian identifications were made following MacDonald (1992) and Bochenski and Tomek (2009). Modern comparative specimens collected near the site and housed at the History of Veterinary Medicine and Institute of Paleoanatomy in Munich, Germany, were also used. Identification of sheep and goats was carried out using Boessneck et al. (1964) and Zeder and Lapham’s (2010) methodology. Methods used to record age, or where possible sex cattle, sheep, and goats, were those of Silver (1969), Payne (1973), Noddle (1974), Grigson (1982), and Halstead (1985). Aging was attempted only on bones with clear epiphyseal fusion patterns. Most of the bones were highly processed and did not provide complete tooth remains for aging based on dentition. This is very common for most African faunal remains from archaeological sites.

For estimation of taxonomic abundance and diversity, numbers of identified specimens (NISPs) were counted following Klein and Cruz-Uribe (1984) and Lyman (2008). NISPs were preferred because they present the best opportunity for inter- and intrasite comparison, and because NISP values were favoured to account for the high degree of fragmentation at the site (Gautier, 1984). The diversity of species included in the economy of Pre-Aksumite rural farmers through time was calculated using Simpson’s diversity index (Faith and Du, 2018). We preferred to use Simpson’s diversity index because it accounts for both richness (species abundance) and evenness (how individuals are distributed among species) at the same time (Lyman, 2008; Faith and Du, 2018). The equation for Simpson’s Diversity Index is as follows:
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In this formula, ni represents the number of specimens (NISP) of each taxon and N represents total NISP of all taxa. The Simpson’s diversity index (1-D’) value ranges between 1 and 0; 0 is no diversity and 1 represents infinite diversity. The larger the value of this index, the more evenly distributed specimens are across taxa. Greater richness indicates a multispecies dependent economy, whereas lesser evenness indicates the domination of few species in the economy. In order to avoid counting the same species twice, only taxa identified to family or genus level were included in this calculation. Fauna categorised as small, medium, and large bovid, and mammal were not included (Lyman, 2008).

The general anatomical categorisation of specimens included: cranial, axial, long bone, and NID (not-identifiable). Animal bones that were not identifiable to family or subfamily were categorised to bovid size class following Brain (1981), Bunn et al. (1986), Marshall (1986), and Gifford-Gonzalez (2005). These categories included: small bovid (<23 kg), medium bovid (23–84 kg), and large bovid or mammal (84–296 kg). All complete bones were measured following the methods described by Von den Driesch (1976).



Results and analysis


Taxonomic abundance and diversity

Numerous species of plants and animals were recovered from Mezber. Here we focus only on analysis of animal remains. A total of 22,514 animal bones were recovered from the ETAP excavation at Mezber. Of these, 7,747 number of identified specimens (NISP) were identifiable to the level of class, family, subfamily, genus, or species (Table 4). Taxonomic richness and evenness varied through time. Taxonomic richness was greater in the Early and Middle Phases and lesser in the Initial and Late Phases (Table 5). This indicates that the Middle and Early Phases were more taxonomically heterogeneous compared to the Initial and Late Phases. The ancient occupants of Mezber utilised both domestic and non-domestic animal resources. The majority of the specimens, however, are from domestic livestock. The most commonly identified domestic animals were cattle (Bos taurus/Bos indicus or hybrids), sheep (Ovis aries), goats (Capra hircus), and in addition chickens (Gallus gallus Domesticus L.), donkeys (Equus asinus africanus L.), and dogs (Canis familiaris L.) were identified. We used criteria presented by Boessneck et al. (1964) and Zeder (2006), as well as locally collected comparative material and published osteological atlases to discriminate between domestic sheep/goat and wild Ethiopian bovids and walia ibex (Capra walie Rüppell, 1852). Characteristics of the mandible and size indicated that the Canis sp. discovered at Mezber closely resembled the domestic dog than the wild canids found in the Ethiopian Highlands.


TABLE 4    Summary of livestock and wild animal remains recovered from Mezber by NISP and by phase.
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TABLE 5    Simpsons diversity indices at Mezber calculated using NISP.
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The overall percentage of domestic animal remains present at Mezber for the entire assemblage included: cattle (62%), sheep/goats (35%), chickens (1.5%), donkeys (0.11%), and cf. camels (0.28%). The wild fauna made up only 6% of the assemblage and included wild fowl (cf. Numidinae and Francolinus sp.), gazelle (Gazella), dik-dik (Madoqua), and cf. kudu (Tragelaphus) (Table 4 and Figure 3). Other taxa such as primates, rodents, hyrax (Procaviidae), carnivores, and galliform bird eggshells were also present in minimal quantities (8%) (Table 4). Although less numerous than domestic fauna, the presence of wild animals reflects variability in animal resource utilisation at Mezber. Evenness indices for Mezber fauna also showed variation in the percentage representation of domestic fauna through time with evenness indices for the Middle Phase (0.13) and Early Phase (0.19) lower than those of the Initial Phase (0.47) and Late Phase (0.44) (Table 5). This is mainly because of the domination of cattle and caprines compared to other species. During the Initial Phase, cattle were by far the most common domestic animal, accounting for 92% of the total of domestic animal assemblage. Cattle represented 61% of the identifiable fauna in the Middle Phase and 47% in the Early Phase. By the same token, caprines, the second most important domestic animals represented 33% of the domestic animal assemblage in both the Middle and Early Phases (Figure 4).
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FIGURE 4
Summary of taxa identified at Mezber, using number of identified specimens (NISP).


It is clear that cattle were the most abundant taxon identified in the Mezber assemblage (Table 4). The stratigraphic context of fauna and direct AMS date at Mezber from the deep sounding Field C demonstrates that cattle were present at the site in the Initial Phase by 1600–900 cal BCE, before domestic caprines (sheep/goats). Well preserved cattle bones were found associated with a directly dated charred lentil dating to 1050–895 cal BCE (Beta-422626, C2 L30 P97 #4220) and charcoal dating to 1211–1020 cal BCE (Beta-378038, A1 L68 P147 #2068) in the Initial Phase (Table 1 and Supplementary Table 4). Directly dated cattle bone from the Middle Phase also showed that cattle keeping was well established at Mezber by 753–393 cal BCE (B2 L4 P17, TO-13659) (Table 1). This is slightly later than the earliest appearance of osteological data for the presence of cattle in the northern Ethiopian highlands which were recorded at Danei Kawlos rock shelter by 3358 ± 47 BP (Marshall and Negash, 2002; Negash and Marshall, 2021). Using paleoclimatic data from diatoms, isotopes, pollen, and change in the Rift Valley lakes of Ethiopia, scholars have shown that there was increasing aridity in the Horn of Africa starting from ca. 6000 BP, with a marked arid phase at around 3500 BP (Gasse, 1977; Gasse and Street, 1978; Negash and Marshall, 2021). Negash and Marshall (2021) argue that Danei Kawlos was possibly occupied by mobile pastoralists during this marked arid phase around 3500 BP. This date also coincides with the Initial Phase at Mezber which dates to ca. 1600–900 cal BCE. Mobile pastoralists might have been attracted to the Mezber site and surrounding highlands, because of the cool highland environment and available spring water for their cattle at a time when most of the Horn of Africa was experiencing an arid phase (Terwilliger et al., 2011, 2014).

Prior to Pre-Aksumite data from Mezber, zooarchaeological data on cattle utilisation for the Pre-Aksumite period was limited to the D and K sites in Aksum (Cain, 2000; Phillipson, 2000; Figure 1). Similar to Pre-Aksumite sites, zooarchaeological analysis of fauna from Aksumite period sites is also limited (Cain, 1999, 2000; Chaix, 2013; Supplementary Table 1). Outside the Ethiopian highlands, cattle dating to the Pre-Aksumite period have also been recovered from ancient Ona sites in Eritrea (Shoshani et al., 2008).

In order to compare the size of cattle at Mezber with those at other contemporaneous sites in northeast and East Africa and to gain perspective on ancient cattle breeds, measurements of the length (GLpe = mm) and breadth (BP = mm) of first phalanges were taken and compared with a published mean of a standard animal from Lidar Höyük, an early Bronze Age to Middle ages site in Turkey (Kussinger, 1988 in Hongo, 1997; Figure 5). We also compared the size of cattle at Mezber to published measurements from Ngamuriak, a Kenyan Neolithic site dating to 3000 BP (Marshall, 2000), a Sudanese Middle Kerma site dating to 2000–1800 BCE (Chaix, 2007), and K-7-41, an Egyptian Predynastic site dating to 4850–4250 BCE (Linseele et al., 2014; Figure 5). As is typical for African sites, few measurable specimens were preserved at Mezber (N = 10). Despite the small sample size, it can be seen from the result of this analysis that large cattle breeds were present in all four Pre-Aksumite phases (Figure 5). Most of the samples used for this test with GLpe range of 56–61 fall above the standard mean of GL-57 (Hongo, 1997; Figure 5), but are smaller than cattle from the pastoral site of Ngamuriak in Kenya (Glpe = 60–68; Supplementary Table 3; Marshall, 2000), and from Middle Kerma sites in Sudan (Glpe = 54–72) (Chaix, 2007; Figure 5). When Mezber cattle sizes were compared to those identified at previously published Pre-Aksumite and Aksumite sites, the Mezber cattle considerably overlap or fall in the intermediate range with animals found at sites D and K (GLpe = 53–70) and Ona Nagast (GLpe = 55–60) (Supplementary Table 3 and Figure 5; Cain, 2000; Chaix, 2013).
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FIGURE 5
Length and breadth measurements (GLpe and Bp, in mm) of first phalanges from all contexts (fields) and phases at Mezber compared with cattle from Ona Nagast and sites D and K (Aksum), Kerma (Sudan), K-7-41 (Egypt) (Data from Cain, 2000; Chaix, 2007, 2013; Linseele et al., 2014). All measurments are taken following Von den Driesch (1976).


The second most abundant domestic fauna present at Mezber was sheep/goat (caprines) (Table 4). Both goat (Capra hircus) and sheep (Ovis aries) were present. Differentiation of sheep and goat would have allowed examination of their differing roles but in this highly fragmented domestic assemblage there were few skeletal parts preserved that could be used to distinguish between sheep and goats. As a result, specimens were combined as a general category sheep/goat (caprines) for quantitatively based discussion of medium-sized domestic stock.

Even though cattle appear earlier at the site, once sheep and goats (caprines) were introduced we see a constant increase in their importance (Table 4). Ratios that compare domestic animal species to one another help identify farmers’ agricultural practices that are geared toward diversity and integration of different species rather than simplification (Vandermeer et al., 1998). At Mezber, cattle outnumber sheep/goats by 1.7 to 1. However, cattle outnumber sheep/goats by 9 to 1 at urban Aksumite sites (Cain, 2000; Supplementary Table 1). In farming communities such as Mezber that relied heavily on both cereals and meat for subsistence, keeping large quantities of both cattle and sheep/goats was advantageous. This relying on rapidly reproducing small stock allowed farmers to use low investment animals for stock for regular meat consumption. It is also possible that cattle were supplied to the Aksumite capital region by rural settlements such as Mezber. Sheep and goat also diversify landscape and dietary needs of livestock herds and resistance to drought and disease (Dahl and Hjort, 1976). From this perspective, increasing caprine use through time reflects an increasingly diversified economy with higher tolerance to risk. High proportions of small stock are common in modern and ancient pastoral societies among more resource poor herders and those recovering from drought (Dahl and Hjort, 1976; Marshall, 1990; Janzen, 2015).

Chickens were the third most common domestic species at Mezber. A unique feature of the Mezber site is that it contained the earliest directly-dated chicken (820–595 cal BCE, Beta-378044, A1 L47 P106) in East Africa and the Horn to be found in a non-ritual and non-ceremonial context (Woldekiros and D’Andrea, 2017). Chicken remains, when compared to the other abundant domestic stock, are notably scarce at Mezber throughout the stratigraphic sequences. Domestic donkeys, though in small quantity, were also present at Mezber (Table 4). There is no historical or archaeological evidence that domestic donkeys were consumed as food during the Pre-Aksumite period, therefore disposal was unlikely in settlement middens. As a result, the presence of few skeletal remains of donkeys does not indicate that they were not widely used for trade or transport in the area (see also Marshall, 2007).

The role of cereals and grains amid the animal husbandry practice of farmers at Mezber was conspicuous. A significant quantity of plant data has been recorded from the site (Beldados et al., in review3). Limited study of stable isotopic evidence collected from the faunal remains, including chickens, cattle, sheep, and goats, shows that farm animals were not only allowed to graze but were also given fodder from domestic cereals. The animals were given both C3 (which could include straw chaff from wheat and barley) and C4 (t’ef, finger millet, and sorghum) cereals (D’Andrea et al., 2011). The C4 species: t’ef, finger millet, and sorghum are all indigenous African plants. The ratio of C3 to C4 plants found in each species varied. The stable isotope data also indicates a distinctive husbandry practice or food preferences for the three main farm animals. A 100% C4-plants value is indicated for the cattle and donkey, and a 50% mix of C3 and C4 plants is indicated for the sheep, goats, and chickens (D’Andrea et al., 2011). The straw of C4 plants like t’ef is still preserved for cattle today in Ethiopia and Eritrea, indicating this foddering practice might also have been present in ancient times.



Element representation

The study of body part representation at Mezber provided insights into management of the three dominant domesticates: cattle, sheep, and goats. Patterns of element representation at Mezber for cattle and caprines are presented in Supplementary Table 2 and a summary in Table 6. These data showed that body part representation is very similar for both cattle and sheep/goats. However, element frequencies for cattle and caprines varied throughout the four phases at Mezber.


TABLE 6    Skeletal element representation.
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During the Initial Phase, cattle distal limbs (92%) were present in higher proportions than cranial (9%) and axial (9%) elements. However, in the Early Phase, cattle and caprine cranial elements were over represented, followed by caprine and cattle axial elements. Similarly in the Middle Phase, there was a high proportion of cattle axial elements (51%), followed by cranial (22%), distal limb (10%), forelimb (10%), and hindlimb (5%). A similar pattern is seen in caprine axial elements (62%) distal limb (13%), cranial (10%), forelimb (10%), and hindlimb (5%). The dominance of caprine axial elements continues into the Late Phase (axial 49%), followed by cranium (31%) and forelimb (17%) bones. There were a small number of caprine distal limbs (3%) and no hind limb bones in the Late Phase. In the Late Phase cattle, however, crania dominated with cranium (36%), axial (24%), and distal limb (24%) elements. Though in small numbers, cattle fore limb (11%) and hind limb (4%) were represented.

Some of the variability in element representation through time could be due to bone density. In the case of Mezber however, there is a high representation of low-density axial bones, especially in the Middle and Late Phases, indicating cultural factors at play (Woldekiros and D’Andrea, 2017). Some of these include cuisine, cut preference and cooking style. Cattle and sheep/goat skeletal part representation at Mezber with high proportions of axial elements and varied cuts, shows that animals were raised and slaughtered at the site. Heavy processing of bones is also evident, and the most meaty hind and forelimb fragements are present at low frequency. The similarity in body part processing among cattle, sheep, and goats also implies similarity in their utilisation. The lack of high utility elements could indicate distribution elsewhere. Use-wear analyses of stone scrapers also suggests that a hide-proceessing craft industry was present at Mezber (Peterson, 2017). It is possible, therefore, that the high percentage of low-utility skeletal parts at Mezber such as metapoidals and phalanges was associated with leather production. How this fits with evidence for large scale leather trade from Aksum is unknown but fauna from this site was part of a larger regional system of agriculture and commerce.



Age and pathologies

The results for epiphyseal fusion data for cattle and caprines are summarised in Tables 7, 8. The tables give the relative age range in which cattle and caprines were slaughtered during the different time phases. However, there were small sample sizes with very few complete bones from the Initial and the Late Phase, therefore reporting focuses on the Early and Middle phases. In the Early Phase, it appears that the majority of the cattle, about 58% were slaughtered when they were between the ages of 24–36 months old. Very few cattle were butchered after 36 months or between 12 and 18 months. During the Middle Phase there is a later age range for cattle slaughtering at the site with the majority dying between 36 and 48 months. Though in small percentage, cattle aged 24–36 months as well as 12–18 months old were also butchered, indicating that adult cattle above the age of 36 months were butchered at the site more than younger cattle. The presence of older animals may indicate keeping of cattle for both meat and secondary products, including traction. The Late Phase like the Initial Phase did not yield large quantity of bone specimens that provided age data. The result for this phase, however, does not indicate animals that were slaughtered young between 12 and 18 months or old between 36 and 48 months.


TABLE 7    Epiphyseal fusion by context for cattle and large sized bovids [% of NISP fused (#fragments fused/#fragments unfused)].

[image: Table 7]


TABLE 8    Epiphyseal fusion by context for sheep/goats and medium sized bovids [% of NISP fused (#fragments fused/#fragments unfused)].
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The age profile for caprines at Mezber shows a more widely spread age pattern during the Early and Middle Phases, where caprines of all ages, adult to juvenile were represented at the site. A large quantity of bones that normally fuse between the ages of 23–36 months were observed to be unfused. The Late Phase provided the least number of bones that can be used for age profile. The implication of the age structure of cattle and caprines is discussed later.

Evidence for traction can also be explored through pathologies. Although the numbers were too small for quantitative analyses, pathologies consistent with traction (Bartosiewicz and Gal, 2013) were present on at least three cattle phalanges recovered from Field E1. Use of cattle to pull ploughs would be consistent with Aksumite foot washers that depict yoked oxen (Phillipson, 2000).



Spatial and temporal distribution

Horizontal and vertical distribution of fauna at the site shows that during the Initial Phase sections of Fields A1 and C2 were utilised to process and consume animal products. In the Early Phase there was a clear expansion and use of the site as indicated by the construction of buildings with large stone walls and inclusion of Field B2 and C1, with the highest concentration of fauna at Field C2 and A1 (Figure 3). Agricultural intensification reaches its highest in the Middle Phase as indicated by the large number of fauna and broader site use with the addition of Fields A2, E1, and A3. A drop in agricultural intensification at the site during the Late Phase is indicated by the reduction of horizontal distribution of fauna, which was limited to Field A2 and C1.




Discussion: Integrated, multispecies agricultural strategy of the Pre-Aksumites and Aksumites

Analysis of animal remains from the site of Mezber indicates an agricultural strategy that was focused on multispecies with an emphasis on cattle, sheep, goats, donkeys, and chickens. Three agricultural strategies practiced by the Pre-Aksumite farmers at Mezber were identified: (1) a complex (multispecies) agroeconomy, (2) multipurpose livestock keeping for food (meat, milk and milk products, eggs), other secondary products (e.g., leather, food trade), and work animals (traction and pack animals, cattle, donkeys), and (3) an agricultural strategy that effectively integrated African and imported plant and animals domesticates in local farming and regional networks of trade and exchange. The success of these strategies is evidenced by the continued presence of these species in the archaeological record through the Pre-Aksumite period to the present day.

By keeping multispecies farm animals such as cattle, sheep, goats, and chicken, Pre-Aksumite farmers were able to not only increase production but also mitigate risks during times of conflict, epidemic, drought, or low rainfall. The Initial Phase occupation of Mezber during a time when the Horn of Africa was experiencing a marked arid phase around 3500 BP is a good example of the inception of this type of agricultural strategy in the highlands and uplands of Ethiopia and Eritrea. Small-scale farmers living in tropical regions still practice multispecies agriculture with the livelihood and culture of the family dependent on a diverse and well-integrated farming practice (Vandermeer et al., 1998). Sheep and goats were likely also critical risk-mitigating counterparts to cattle since they are easier to keep and maintain even during times of drought (Dahl and Hjort, 1976). The nature of the multispecies farming strategy of the early phase of agriculture at Mezber differs, however, from that of ancient pastoralist sites (such as Danei Kowlos in the region, or East African sites) (Janzen, 2015; Negash and Marshall, 2021; Prendergast et al., 2021) where chickens were not incorporated into the animal repertoire, cattle were not used for traction, possibilities for feeding animals on waste from fields were lower, but local or long distance family mobility and communal access to pasture was an important strategy. In contrast, the dominant form of mobility integrated into highland farming systems was local and long-distance trade. The Mezber site was used by Pre-Aksumite farmers who not only subsisted using their domestic herds but were also part of a chain of rural settlements that provisioned Pre-Aksumite towns, urban centers and trade routes with primary and secondary animal products in the form of meat as well as, milk and hide products. It is significant that reliance on diverse animals in highland farming systems was interdigitated with local crop production and processing, and political and economic relationships and trade among rural settlements and urban economies. Cattle, sheep and goat hides may have provided a valuable trade commodity and source of wealth for the local farming community. A local leather processing industry at Mezber is indicated by high proportions of low utility cattle, sheep and goat lower limb elements with the prevalence of stone scrapers associated with mass hide processing through use-wear analysis (Peterson, 2017). Field E at Mezber preserves a workshop dedicated to making the scrapers (D’Andrea et al., in review see text footnote 1). The concentration of scrapers found at Mezber is the largest from any Pre-Aksumite site.


The role of traction in highland agricultural systems

Cattle and donkeys played an important role in traction as animals used in field preparation through ploughing and in transport at Mezber. Mezber provides the first direct dates (806–542 cal BCE) for the presence of donkeys in the Horn of Africa in a context where local transport and trade were important. The sustained importance of cattle at Mezber and other Pre-Aksumite and Aksumite sites also makes it clear that the role of this animal in Pre-Aksumite and Aksumite economies was more complex than providing food, raw materials or even trade. Age profiles and pathology, with representations in Aksumite ceramics, indicate that by the Initial or Early Phases at Mezber (1600–900 cal BCE or 825–750 cal BCE), cattle were likely an important work animal. This represents the earliest integrated osteological and material evidence for ploughs in the Ethiopian highlands. Ox-ploughs were especially advantageous for Pre-Aksumite, Aksumite, and post-Aksumite societies because the highland diet heavily relied on cereals and pulses that were planted in rotation including cereals: t’ef, finger millet, sorghum, wheat, and barley, pulses: chickpeas, lentils, peas, along with oils: linseed and noog (D’Andrea, 2008; D’Andrea et al., 2018). Ploughs altered the dynamics of farming labor allowing rapid deeper preparation of varied soils with a range of gradients and elevations (1,500–3,000 m a.s.l). McCann (1995) argues that ox-plough cultivation in the Ethiopian highlands represented an “ecological revolution.” Use of plough expanded farming technology, altered agricultural landscapes, represented conscious environmental management, and was a key part of the establishment of a diverse but intensive agricultural system in the Ethiopian highlands and is still important to small-holder farmers today (McCann, 1995).



The timing of introduction of exotic domesticates and coming together of multispecies systems

The timing of introduction of animals from Eurasia and the ways that complex agricultural and trade systems came together influenced the trajectory of agriculture in the Ethiopian Highlands and regional agrobiodiversity today. To date, zooarchaeological data provide information regarding the sequence of introduction and adoption of cattle, sheep, goat, donkeys or chickens but little information on breeds. Mezber provides new direct dates for the presence of cattle in the Horn of Africa and information on cattle size. Direct dates for cattle in the Ethiopian highlands have been obtained from the pastoral site of Danei Kowlos (Negash, 2001; Marshall and Negash, 2002) where they date to ∼3700–3900 BP and from Mezber where they date to ∼1600–900 cal BCE (Table 1). African taurine breeds were early in Africa, with humped cattle thought to be introduced to East Africa in the second-century cal BP in eastern Africa (Marshall, 2000). Humped cattle were introduced to Egypt during the first half of the second millennium BCE (Payne, 1964; Epstein, 1971; Marshall, 2000, 1989). At least 28 cattle breeds exist in Ethiopia today including large and small East African Zebu, Sanga, Zenga, and the taurine populations (Assefa and Hailu, 2018). Some of these have adapted to varied altitudes and fly-borne diseases (Assefa and Hailu, 2018). Highland Zebu are smaller in size than Sanga but are well adapted to a confined pasture (McCann, 1995). Measurable elements from the site of Mezber indicate that cattle in all phases were smaller than those from Middle Kerma in Sudan and Ngamuriak in Kenya tentatively associated with early zebu, but larger than the standard animal from Turkey. The stature of the Mezber cattle was also not outside the range of previously reported cattle from other Pre-Aksumite and Aksumite sites. There is, therefore, no evidence for pronounced changes in animal size through time. It is possible that more complete specimens or biomolecular approaches will provide new insights into changing cattle breeds and selection in the Horn of Africa through time.

Sheep and goats were economically significant at Mezber by 825–750 cal BCE and increased in importance through time. Rock art and data from other regions provides useful insights into breeds that may have been introduced. Long-legged, thin-tailed sheep were present in Egypt by 6800 BP and replaced by fat-tailed sheep (Gautier, 1980; Chaix and Grant, 1987; Blench, 2006; Gautier and Van Neer, 2006). Sheep appear in East Africa and the Horn by ca. 4500–3700 BP but little is known about the origin of the fat-tailed sheep, which appears in rock art in the Horn of Africa (Clark and Williams, 1978; Marshall, 2000). Dwarf goats were present in the Middle Niger region of West Africa by 3000 BP, but the origin of goat breeds in the Horn is unknown (Gifford-Gonzalez and Hanotte, 2011). A study of recent goats shows considerable diversity of goat breeds in the Horn, especially in Ethiopia (Ayalew et al., 2006). This suggests long term use of goats in the Horn with adaptation and breed development by farmers to different ecological niches.

Another animal kept as a work animal at Mezber was the domestic donkey. We obtained a direct accelerator mass spectrometry date (806–542 calBCE, Beta-266010) for a donkey at Mezber (Table 1), the first direct date from the Horn. Ethnoarchaeological research (Woldekiros, 2019) in the Afar and Tigrai region demonstrates the likely role of pack animals in trade and as a source of wealth for the Aksumites. The fact that very few faunal remains belonging to pack animals (donkeys and camels) were recovered from Mezber, even though the present-day concentration of donkeys and camels in northern Ethiopia is the largest in the world (Gebreab et al., 2005) supports Cain (2000) and Marshall’s (2007) arguments regarding a faunal bias against these transport animals because they were rarely eaten or kept in settlements. It is likely that donkeys played a significant role in transport at the settlement and local and regional trade from Mezber.



The inception of adoptive agricultural strategies in novel environments?

The ease or difficulty with which exotic species were incorporated into the early African farming system could be attributed to social factors. For example, prior to the introduction of domestic chickens, we have evidence that early farming communities in Africa were exploiting wild fowls belonging to the Phasianidae family, to which domestic chickens also belong. Marshall (2000) argues that the reason the domestic camel is a late comer to the African herding system is that there was no prior experience with the wild ancestor of Camelidae in Africa. Other species including cattle, sheep, and goats that have attributes similar to the wild African antelope may have been more readily incorporated into African herding systems.

Even though domestic fauna dominates the assemblage at Mezber, they were sometimes supplemented by wild taxa. Wild species such as Francolinus sp., gazelle (Gazella), dik-dik (Madoqua), and cf. kudu (Tragelaphus) were the most common. The wild taxa at Mezber and Aksumite sites indicate a difference between wild taxa consumed locally and those that were acquired for trade or exchange. Ancient texts such as the Periplus of the Erythraean Sea (Huntingford, 1980) describe the trade of animals and animal products that are more ornamental than edible including rhinoceros horn, elephant ivory, tortoiseshell, monkeys, civet, and giraffe.

To summarize, cultural change in the north Ethiopian and Eritrean highlands did not disrupt an agricultural strategy that was over 3,000 years old. Although variability in seasonal rain and drought was a risk in the highlands during the Pre-Aksumite and Aksumite periods, it did not deter farmers from keeping cattle as a major farm animal. Inhabitants of Mezber used multispecies agricultural strategies to settle and adapt to their highland environment for at least 1,600 years. Comparison of data from D and K sites at Aksum and OA and OAZ sites at Bieta Giyorgis show that the same general approach to agriculture was adopted in the highlands.




Conclusion

At Mezber, we see early farming systems in Africa in a settled village context with evidence for long-term resilient African farming systems that depended on biodiversity and a multispecies agroeconomy. We see at Mezber an economic system that depended on both African and non-local animals—an economy that combined domestic species with wild animals at times. This economic system is in line with a strategy that was probably developed during the Holocene by early African herders as part of a risk management system in an ever-changing environment (see Marshall et al., 2011).

In addition to demonstrating a pattern of risk management, this study also indicates that social complexity and political stability at Mezber allowed for a settled way of life with a rich, multispecies economic system that included non-local animals acquired through exchange and trade. This study integrates faunal data from Mezber into a wider regional context aimed at understanding long-term human and animal interaction patterns in the Horn of Africa. Further work at sites with evidence for Pre-Aksumite and Aksumite influence will provide additional insights into regional differentiation in agricultural practices across space and time.
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Wool-focused economies yielded a pastoralist materiality that visibly shaped the lived experiences of Central Asian populations today. In this paper, we investigate the earlier application of fibers through a key mountain corridor for social interactions during Prehistory. We focus on the site of Chap 1 located in the highlands of the Tien Shan Mountains of Kyrgyzstan where researchers have found a complex agropastoral subsistence culture was established from at least ca. 3,000 BCE. The perishable materials that would have accompanied the early spread of cultural and technological traditions related to fiber-based crafts throughout this area are under-documented due to poor organic preservation. Hence, there has been little consideration of the role that textiles played in highland occupation and how woven fabrics might have facilitated settlement in the extreme climates of Central Asia. We address this ongoing problem through a multi-application survey of Chap’s unpublished textile evidence preserved as impressions in coarseware ceramics of its Final Bronze Age. We consider evidence that sheep wool formed a key cultural adaptation for surviving the extreme winters of Central Asia’s highland regions.

KEYWORDS
 Kyrgyzstan, Chap, textiles, wool, mountains, Bronze Age, archaeology, SEM


1. Introduction

Human settlement of high mountain territories rests on several biological and cultural adaptations. Biological studies point toward the importance of physiological and genetic adaptations, whereas a long history of cultural adaptations has created a distinct body of material-cultural traditions and socio-economic networks (Manderscheid, 2001; Lévêque, 2013; Postigo, 2013; Melekhova et al., 2018; Dransart, 2019). Among such processes, human investments in the care and cultivation of sheep and goat for making textiles foreshadowed various cultural and biological adaptations for surviving the extreme winters of Central Asia’s highland regions. However, the resulting textiles, their associated technologies, and indications of connections further afield are not well studied, nor are the range of raw materials that may have accompanied cultures of wool in the region. This is partly due to the notoriously poor preservation of textiles in archaeological sites of Central Asia’s mountain zones. Fortuitously, ‘Textile Pottery’, artifacts of cloth imprints that were baked into the surface of ceramic vessels, form a regular component of ceramic assemblages from the steppes and mountainous regions of Central Asia/Eurasia that make it possible to access the textile record of its Bronze and Iron Ages (Glushkov and Glushkova, 1992; Orfinskaya et al., 1999; Doumani and Frachetti, 2012; Medvedeva, 2017). Here we report on a recently uncovered body of Textile Pottery from the ca. 3,000-year-old (1065–825 call BC) high-altitude farming site of Chap 1 situated at 2000 m asl. in the Tien Shan Mountains of Kyrgyzstan (Motuzaite Matuzeviciute et al., 2020a) and situate it in the regional and local context of textile materialities (Figure 1).
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FIGURE 1
 Location of the study site of Chap in Kyrgyzstan’s Tien Shan along the IAMC.



1.1. Textiles and early civilization

The sheer impact of textiles on the development of human civilizations cannot be overstated. While scarce in terms of preserved fiber remains, the use of plants to create twined fabrics predates evidence for the earliest known pottery containers (Adovasio et al., 1996) that transformed how humans stored, prepared and served foods. Within the past 10,000 years, textiles have since further impacted and shaped society in countless ways (Barber, 1991a). For example, textiles, woven from plant and animal fibers both, are documented trade items in several cultures around the world, raising attention to the coupling of textiles and mobility among early civilizations (Dayalan, 2021). From a social-economic point of view, wool as a raw material has been linked to textile intensification and workshop production in agro-pastoral contexts of urban southwest Asia (McCorriston, 1997), and as a key component underlying early social complexity (Sabatini et al., 2018; Grossman and Paulette, 2020). In terms of technological properties, the mechanical properties of wool, which appeared with domestic sheep breeds possibly from around the 4th millennium BCE, brought several technological advantages and paved ways for new forms of self-expression; it could be dyed vivid colors, encouraged the development of new textile structures and textures, and could both warm and cool the skin (Barber, 1991a; Gleba, 2012). In central Eurasia, from the limited preservation of its ancient textile record, woolen textiles appear to have partnered the movement and spread of a range of early pastoralist technologies and lifeways (Shishlina et al., 2022).



1.2. Wool in Bronze Age Eurasia

In contrast to the mountains of Central Asia, the Eurasian steppe to its north contains several examples of extant textiles recovered from burial contexts (as well as Textile Pottery) of the Bronze Age (2nd millennium BC). The steppe textiles consist of various uses of wool embellished with other raw materials such as fur, metal, and other hair fibers (Orfinskaya et al., 1999; Kupriyanova, 2008; Usmanova, 2010; Shishlina et al., 2022). Bayesian modeling of directly dated woolen textiles from 26 Bronze Age sites from across the Eurasian steppe suggests that woolen textile technologies (and hence sheep/goat) reflect some of the timing and direction of pastoralist movements and technologies; woolen textiles spread north from the Caucasus into the Eurasian steppe at the 3rd millennium BC and from there moved eastward reaching as far as Xinjiang by the late 2nd millennium BC (Shishlina et al., 2020). However, discoveries of earlier textile cultures show a predominance of wild plants that predate this phenomenon in the Kazakh steppe (Olsen and Harding, 2008). Additionally, several decades of research on the renowned Bronze Age Tarim Basin textiles (e.g., Barber, 1991b, 1998; Good, 1998; Wagner et al., 2011) have also noted a near exclusive preference for wool in creating textiles from which a rich variety of weaves, colors, garments, and ritual-utilitarian items were achieved. However, investigations of the spread of textiles and partner technologies through the mountains that border these regions (see Doumani Dupuy et al., 2018) have been overshadowed by significant discoveries related to the early globalization of foodways across Eurasia (e.g., Spengler, 2015; Zhou et al., 2020). If wool was similarly important in the Inner Asian Mountain Corridor (IAMC), it rests to then consider its contributions to local adaptations and mobility through the IAMC parallel to other processes linked to other highland trans-Eurasian exchanges more closely tied to subsistence, diet and ideology (e.g., Frachetti, 2012). 



1.3. The Chap 1 site

Mountains occupy around 95% of Kyrgyzstan’s landmass and today a considerable portion of the country’s economy rests on wool production where this fiber makes its way into tourism, and into the agricultural and clothing industry (Beksultanova et al., 2021; Komorowska et al., 2022). The prehistoric site of Chap 1 is located 200 km southeast of the capital and economic center of Bishkek, in the Kochkor Valley. The geographic location and period of occupation of Chap 1 place it within the Chust Archaeological Cultural tradition (Tabaldiev, 2005). At 2,000 m asl., Chap 1 domestic plants and animals (sheep/goat) supported intensive agropastoral subsistence and occupation of this highland ecotone (Motuzaite Matuzeviciute et al., 2020a). Published archaeological studies on the Chap 1 material outline that agropastoralists occupied the site for much if not all of the year to tend to plants and manage animals – and during this time they would have woven textiles, formed pottery, and forged bronzes, among other crafts in their wheelhouse (Ananyevskaya et al., 2020; Motuzaite Matuzeviciute et al., 2020a, b). Zooarcheological analysis of the Chap I fauna demonstrates a primary focus on sheep followed by goats for meat and wool (Ananyevskaya et al., 2020). The mortality/kill-off profiles of the sheep/goat and significant presence of older animals fit closely with Payne’s (1973) wool model. Spindle whorls and bone points were also recovered that indicate local production of textiles at Chap 1, but whether the wool harvested at the site ended up as the principle textile material or was perhaps accompanied by plant-based fibers, such the bast family of plants that grow wild in this region, have not been confirmed to date.




2. Materials and methods

Excavations of a 6.5 × 6.5 m unit at the Chap 1 site recovered a domestic structure with living spaces and internal pit hearths and high concentrations of pottery sherds mixed through the cultural fill (see Motuzaite Matuzeviciute et al., 2020a for detailed site description). A small proportion of these ceramic sherds contain textile prints to their inside surface, a bi-product of using textile-lined molds to shape the lower portion of handmade pottery containers (Doumani and Frachetti, 2012). The Textile Pottery is associated with the site’s use between 1,065–825 cal. BC. A sample of 60 individual specimens were selected from the bulk pottery assemblage of >1,000 coarseware sherds at Chap 1. While studies of fabric impressions in pottery conventionally examine plastic replicas of the prints to record structural and technical aspects of the cloth (Drooker and Webster, 2000), our study further incorporates higher resolution analytical tools to evaluate the raw material choices linked to high altitude cultural adaptations at Chap 1.


2.1. Silicone casts of sherds viewed with SLR camera

Plastic putty replicas were made of the negative textile impressions to render a 3-dimensional positive version of the original cloth (Figure 2). The casts were photographed with an SLR camera and viewed in Photoshop to record preliminary observations of weave structure, yarn evenness and twist direction, surface texture (such as wooliness) and regularities/irregularities in the surface topography (Figure 3).
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FIGURE 2
 The different weaves from Chap 1. (A,B) = 2/2 twills with a frayed edge. (C–H) = various tabby structures. (I–L) = repp (K shows multiple wefts grouped in an irregular pattern. (L) shows a ‘ribbed’ texture created by alternating between compacted wefts and open areas that expose the warp). (M,N) = possible hand-twined textiles.
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FIGURE 3
 (A, top right) Bar chart showing percentages of counts of the different weaves from Chap 1. (B, bottom left) Thread counts for the different weave types recorded at Chap 1. Ellipses group the coarse, medium-fine, fine, and very-fine textile structures based on element counts/cm (after Grömer, 2016: Fig. 62).




2.2. Digital microscopy of sherds

In tandem with visual observation of the plastic replica, a structural evaluation of the textile was performed with a ZEISS Smartzoom 5 digital microscope at Nazarbayev University. The microscope was employed for its high-resolution capabilities and z-stacking function at magnifications of ×20 and ×50. Built-in ZEISS software was used to perform measurements of thread count and width, and spacing between woven elements (Figure 3B). Grömer’s typology of weave densities based on thread counts/cm was used to assign coarse, medium-fine, fine, and very-fine textile structures (Grömer, 2016: Fig 62; Figure 3B). The stereo microscope furthermore allowed for preliminary observation of fibers that appeared exceptionally curly, straight, or tangled, etc., of which these samples were selected for higher resolution study using scanning electron microscopy.



2.3. Silicone casts viewed with scanning electron microscopy

SEM was employed to identify potential raw materials through close study of individual fibers and strands, which, to date, has not been employed in visual assessments of regional Textile Pottery, only for its preserved textiles of which there are few. Silicone replicas of Textile Pottery were mounted on aluminum stubs with double sided tape, sputtered with 40 nm of gold and then loaded into a JEOL IT-200 scanning electron microscope housed at Nazarbayev University. Optimal depth of field and surface topography were achieved between 5 and 20 KV. Magnification at intervals of ×30 (overall view), ×100 and ×200 (to record the fiber morphology and to perform diameter measurements) produced grayscale 3D images to use in the analysis (Figure 4). Surviving fiber remnants and their morphological characteristics were sought as plant fibers (such as bast or hemp) and animal fibers (such as the coats of sheep) contain diagnostic differences; the former contain linear formations and dislocations perpendicular to the fiber axis and the latter have cylindrical strands with scales (Gleba, 2017, p. 10; Rast-Eicher, 2016, p. 80). For animal fibers, the diameter measurements were also important for distinguishing the outer coat of sheep containing coarse kemp (over 100 μ), hair (over 60 μ), and the much finer underwool (as little as 10 μ) all present in primitive sheep, and less so in later domestic breeds (Rast-Eicher, 2016, p. 264).
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FIGURE 4
 Scanning Electron Micrographs of the Chap 1 Textile Pottery. (A–E) (×30) include various examples of ‘wooly’ or ‘hairy’ textured woven textiles [A = repp, B = repp, C = twined (?) tabby, D = repp, E = repp]. (F–J) (×200) include potential animal fibers implied. Fibers contain the diagnostic cylindrical strands, along with dimensions within the expected values (12–150 μ) for primitive wool. (K–O) (×100) include potential plant fibers implied. Fibers contain the diagnostic flat/straight and long fibers of bast or other fibrous plants.




2.4. Limitations

Our study incorporates indirect textile evidence of woven fabrics in the form of prints, and not extant textiles. Textile Pottery as a body of evidence impose some restrictions on the depth of interpretations due to some finer details being lost in the coarser texture of the ceramic and from shrinkage of the prints when the clay is fired. Moreover, as these are prints from a small portion of textile, the selvage or frayed edge ideal for distinguished warp from weft was not present. Notwithstanding, optical microscopy still allows for relative measurements of threads to be gathered and then compared further within or across assemblages. The thicker and harder spun elements in the prints are designated as the warp, and the thinner and/or looser spun elements as weft (c.f. Rast-Eicher, 2016, p. 48). The high detail observed with SEM also allows minimum and relative diameter measurements of fibers to be collected. It also yields grayscale 3D images of the samples’ finest surface topography, from which raw materials of plant or animal fiber can sometimes be told apart based on their distinct morphological and textural characteristics as outlined above (Rast-Eicher, 2016, p. 12).




3. Results


3.1. The weaves

The study of 60 Textile Pottery specimens from Chap 1 convey a variety of weaves including tabby, repp, and twill examples, and weaving techniques (both loom woven and hand-twined; Figures 2, 3). The smallest component of the Chap 1 Textile Pottery (5%) constitutes fine twills woven in a 2/2 even pattern (Figures 2A,B). These twills are woven with thin, z-twisted threads (just 0.4–0.5 mm in thickness) with 11 threads/cm for one element and 11–12 threads/cm for the other. One of the samples shows a frayed border and loose strands giving a clear view of the even 2/2 woven structure. The use of twill would have required the use of a warp-weighted loom (Broudy, 1979).

A greatest proportion of the textiles implied from Chap 1 include tabby (37%) and repp (42%) weaves (Figure 3), which can also be created on such weaving devices, but more simply could be achieved with a basic ground loom. Most of Chap’s tabbies constitute coarse and medium-fine textile structures with 3–11 warp threads/cm and 4–12 weft threads/cm (Figure 3B). Around half of the tabbies show a balanced weave created by an equal weft/warp thread count/cm, even thread thickness and consistent spacing between elements (e.g., Figures 2C,D,G). The remainder are nearly balanced (Figures 2E,F,H). Thread thickness ranges between 0.4 and 1.2 mm for all woven elements, but within individual samples, the thread thicknesses sometimes lack uniformity. The twist across all tabbies is further varied showing hard and loosely twisted yarns among a predominantly Z-twisted thread tradition. However, alternating S and Z twist for warp and weft is present for at least one tabby, giving it a distinct textural appearance (Figure 2D). An additional tabby shows diagonal stitching into the regular tabby structure (Figure 2G). While most tabbies appear to be loom woven (a system of interlacing single thread elements in a 1-over-1-under pattern) at least one print describes an S-plied, twined (hand-woven) textile with the active elements passing over one another in a counter-clockwise direction.

The nearly equal amount of repp textiles (42%) describe fine and very-fine textile structures. If working on the hypothesis that the weft elements are thinner than the warp as outlined in Section 2.4., the repp textiles from Chap 1 are weft-faced (Figures 2I–L, 3B). Repp weave was assigned to samples with twice or more threads than present for their perpendicular counterparts per centimeter square, and a few among the group contain highly compacted wefts that obscure the warp achieving what would have been an extremely dense, warm, and water-resistant cloth (i.e., fine textile structure; Figures 2I,J). Most among the group consist of z-twisted yarn woven in a 1-over-1-under sequence. Others diverge from this basic pattern. One sample shows three weft strands grouped and passed through the warp in an irregular sequence (Figure 2K). In another, a ribbed-effect was created by alternating between compacted wefts and exposed warps (Figure 2L). The thread counts include just 4–12 threads/cm for the warp compared to 11–26 threads/cm for the weft (Figure 3B). Thread thickness ranges between 0.4–1.5 mm for all woven elements, with the warps being notably thicker overall. The regular feature of a compacted weft among the repp textiles restricts our conclusions about the weaving devices employed. While the use of a loom device would have been responsible for several of the implied textiles, at least two Chap 1 samples show crossed elements and an overall diagonal orientation indicative of S-plied, hand twining (Figures 2M,N).



3.2. The raw materials

Some further insight into raw material selection and processing techniques was obtained from the SEM component of the research on the tabby and repp prints viewed at ×30 (Figures 4A–E) and higher to ×100–200 (Figures 4F–O). Fibers range from 12 to 150 μ in diameter (when viewed at ×200) which is consistent with the expected dimensions of primitive sheep fibers (Rast-Eicher, 2016, p. 260, 264) (Figures 4F–J). Even in allowing for shrinkage of the prints as the clay was baked, these dimensions still indicate that the fine, medium and coarse kemp hairs may all have been spun into thread. Unfortunately, examination of the twill impressions with SEM was not able to distinguish sufficient detail of the surface topography nor of the fiber dimensions. We expect that this small yet significant group of prints derive from woolen fabrics, as wool and twill are cited as mutually complementary technologies that together create a warm and strong textile (Gleba, 2012, pp. 3643–3644) and extant twills from Eurasia at this time are woolen (Grömer et al., 2020). Another repeated characteristic of the repp and tabby textiles show ‘wooly’ or curly looking fibers that stray loose from the parent thread (Figures 4A,C,D). SEM observation of their surface topography at ×200 reveals fibers round in cross-section identifying them as potential animal-derived fibers (Figures 4F–I). The SEM also revealed characteristics in other samples that suggest the pairing of other raw materials in the textiles at Chap 1. A small number of shards inspected with SEM and shown here at ×100 (Figures 4K–O) contain flat/straight fibers that may derive from a bast family of plants which grow wild in the region, or a fragment of grass (e.g., Achnaterum sp. still used for yurt and fiber making), reed or sedge which are present in the Chap 2 macrobotanical assemblage (Motuzaite Matuzeviciute et al., 2020b: Table 1). The plant-like fibers are interspersed through what otherwise appear to be woven animal fibers.




4. Discussion


4.1. Textiles from Chap 1: a case for cultural adaptation at high altitudes

Textile-impressed pottery, despite interpretive limitations in the absence of organic material, convey several technical details of an otherwise missing perishable fiber industry from environments with poor preservation. The textile structure, weaving devices employed, thread characteristics, and occasionally raw material identification can also be examined and inferred from the study of textile imprints alone. Building on evidence already obtained from the zooarcheological and material assemblage from Chap 1, its textile pottery permits comprehensive insight into several aspects of local textile traditions in the regional and local social context of high-altitude cultural adaptations. While the agro-pastoral assemblage at settlements within the IAMC are closely comparable, Chap 1 fauna shows proportionally greater numbers of sheep/goat were kept at the site than at lower elevation settlements within its cultural orbit (Ananyevskaya et al., 2020). Warm, breathable, and water-resistant woolen textiles able to both heat and cool the skin (Hu et al., 2020) may have made their way into clothing, shelter, and coverings to superbly shield against the extreme climate present at high altitudes of the Tien Shan.

Furthermore, our examination of Chap 1 textile pottery opens a new (potential) inroad into the question of the category of sheep/goat fibers incorporated into textiles. Sheep and goat have been present in the Fergana Valley from the 6th millennium BC (Taylor et al., 2021) but paleogenomic research is needed to understand the history of mixing among wild and domesticated breeds, their fleece characteristics, and timing of wooly mutations. The dates for Chap 1 fall so much later than this early evidence for domestic caprines in the Fergana valley, hence it may be that the transition to more uniform fleeces did not follow until several thousand years after these animals were present in the region. For Chap 1, the wide range encompassed by diameter values of individual fibers in its textiles, made visible through SEM, are consistent with average values for the coarse outer kemp through to the finer undercoat fibers. Any wool that made it into the Chap textiles appears to derive from primitive sheep that lacked a uniform fleece. Future paleogenomic studies of Central Asian caprine remains will help bring clarity to this hypothesis along with the route such herd animals took, such as through the Eurasian steppes (see Shishlina et al., 2020) or via a different route yet undetected. Notwithstanding, animal fibers were not likely the sole raw materials chosen for making textiles at Chap 1. A UAV-based survey in the surrounding Kochkor Valley identified subterranean irrigation canals with possible associations to the 2nd/1st millennium BC use of the site (Rouse et al., 2022) and the macrobotanical assemblage from Chap also contains abundant counts of Cyperaceae Carex sp., (sedge) that grows in or near shallow water (Motuzaite Matuzeviciute et al., 2020b: Table 1). Irrigation along the surrounding mountain slopes would facilitate the cultivation of plants for fiber production. Even without irrigation, wild hemp and nettle are naturally occurring plants in this region that also thrive in the micro-spaces of animal pens (Authors’ personal observations).



4.2. IAMC and steppe textiles in regional context

Within Eurasia a rich textile assemblage has survived documenting several hundred years of textile evolutions, but twills only appear toward the end of the Bronze Age and long after felt and tabby were commonplace. The small group of twills from Chap 1 add to a geographically dispersed collection of late 2nd/early 1st millennium BC textiles that are, as far as we know, isolated to agropastoral settlements of the IAMC, Xinjiang’s Tarim Basin and surrounding areas (Doumani Dupuy et al., 2018; Wagner et al., 2022) and in Europe (Grömer et al., 2013; Grömer, 2016). By contrast, extensive survey and analysis of Bronze Age textiles and production tools from the steppes of northern Eurasia have failed to expose any evidence for twill (as cited by Glushkova, 2004, p. 227), aside from its appearance on woven bands (Shishlina et al., 2022). This undeniably southern geographic distribution of twills puts the most likely route for the movement of this particularly warm, wooly fabric and associated loom technologies along the IAMC (see Doumani Dupuy et al., 2018; Figure 1; Table 2) and not across the Eurasian steppe belt such as argued recently based on design parallels cited between twill’s distinct geometric patterning and considerably earlier ceramics of Eurasian steppe pastoralists (Wagner et al., 2022). Perhaps of relevance here, several years of paleobotanical research of Bronze Age settlement assemblages have demonstrated that the initial dispersal of both Southwest Asian and East Asian crops also circumnavigated the Eurasian steppes, following instead the trail of mountains connecting east and west Eurasia (e.g., Spengler et al., 2014; Motuzaite Matuzeviciute et al., 2022). Future studies should investigate the topic of partner technologies that may have moved in tandem through highland regions in social contexts that supported their adoption and carefully examine how wool might have impacted other areas of visual cultures such as rock art or ceramics (e.g., Wagner et al., 2022).

Nonetheless, most of the Chap 1 textiles are consistent with a more geographically encompassing Central Asian textile tradition that transcends the contrasting social and ecological geographies of its mountains and steppe. This tradition includes various iterations on the basic repp and tabby weaves made on looms or by hand, such as with manual twining or with tablets (see Orfinskaya et al., 1999 for illustrated varieties of such hand-woven textiles). These textile structures repeat technical traditions from much earlier that were carried through into the end of the Bronze age, and later. Details of the technical approaches also transcend vast geographies. For example, the Chap 1 tabbies sometimes repeat characteristics found among northern steppe textiles where textural variations in cloth surfaces were achieved by alternating twist directions and the thickness of woven elements (e.g., Usmanova, 2010; Shishlina et al., 2022). A technique of sewing in surface patterns along the diagonal and the (potential) combination of raw materials (plant and animal fibers) also appears both at Chap 1 and among woolen tabbies of the steppe belt (e.g., Shishlina et al., 2022) and in Xinjiang (personal observation of authors). The raw material and design bricolage detected in this early period carries through into the Iron Age (e.g., Molodin et al., 2009; Hanks, 2010).

Societies who inhabited Chap 1 ca. 3,000 years ago drew from various pre-existing/local and mobile textile technologies as they settled down permanently in the Tien Shan’s continental climate. Wool, in various iterations, alongside the use of various plants, were important components of the long-term and persistent adaptations that gave way to a highland materiality of fiber-based crafts in this region. The density of its textile weaves too offers particular insight into the added potential benefits of their cloth. The 3,000-year-old textiles from Chap 1 consist of relatively few ‘open weaves’. Fine and very-fine repps and tabbies represent the majority weave structure (Figure 3B). Repp textiles provide a denser, and hence potentially more water wicking shield that may have been warmer and more ideal for the extreme cold at higher altitudes of Inner Asia. Future studies of textile pottery throughout the IAMC will address whether this feature is regularly associated with mountain settlements in contrast to the proportion of compact textiles present in other regions of Eurasia.




5. Conclusion

Ethnographic and archaeological studies document the enduring centrality of woolen and other textiles in Central Asian cultural identity, ethnicity, history, technology, and trade. In this regard, we have investigated an aspect of secondary economies in a densely populated biodiverse habitat of the IAMC, which triggered an array of human activities, such as textile production, facilitating the adaptation to high altitude harsh landscapes during the Bronze Age. Perishable materials that underpinned the lifeways of Inner Asian pastoralists and agriculturalists have remained under-documented due to poor organic preservation of extant textiles. However, archaeological investigations at Chap 1 in the Tien Shan Mountains of Kyrgyzstan support the existence of a complex agropastoral subsistence culture with demonstrated long-term settlement in the region’s high mountain environments from at least 2,500 BC (Motuzaite Matuzeviciute et al., 2022). Insulating woolen cloth, as well as other breathable plant-based fibers, are an aspect of agropastoralist materiality essential for successful adaptation to the extreme winters and summers in high mountain zones of this landlocked region. What role did textiles play in such adaptations and how might woolen clothing and coverings, along with the important matted woolen felts such as seen on the Central Asian yurt, have facilitated settlement in the extreme climate of Central Asia’s high elevation regions deep in the past? We have presented the textile evidence preserved as impressions in its household ceramic assemblage alongside pre-published data on its herd structure and culling practices that indicate wool-focused economies yielded a pastoralist materiality that in many ways continue to define the material and lived experiences of the region’s populations today.
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Cassava
Cassava
Cassava
Cassava
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Pacay
Pacay

Material

Rhizome
Seeds
Rhizome
Rhizome
Rhizome
Rhizome
Rhizome
Seeds
Rhizome
Rhizome
Rhizome
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Root
Root
Root
Root
Root
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Seed
Seed

Lab code

PSUAMS-9633
PSUAMS-9616
PSUAMS-9635
PSUAMS-9640
PSUAMS-9840
PSUAMS-9634
PSUAMS-9637
PSUAMS-9615
PSUAMS-9638
PSUAMS-9639
PSUAMS-9636
PSUAMS-9629
PSUAMS-9627
PSUAMS-9628
AA-100978
PSUAMS-9630
PSUAMS-9631
PSUAMS-9632
PSUAMS-9754
PSUAMS-9625
PSUAMS-9626
GaK-5818?
PSUAMS-6124
PSUAMS-6123
PSUAMS-6122
PSUAMS-6121
GaK-5816"
AA-100984
PSUAMS-9778
PSUAMS-9618
PSUAMS-9622
PSUAMS-9753
PSUAMS-9621
PSUAMS-9623
PSUAMS-9620
PSUAMS-9617
1-11622°
PSUAMS-9619
PSUAMS-9641
PSUAMS-9841

14C years BP

2445
2365
840
755
650
595
355
345
315
330
310
2425
2130
2100
1467
915
900
550
415
330
330
2440
2085
2065
835
800
1570
1560
1030
910
890
860
820
820
800
755
715
445
765
380

Error

20
20
15
15
15
15
20
15
20
20
20
20
20
20
32
20
15
15
15
15
15
100
20
20
15
15
65
35
20
20
15
15
15
15
20
15
130
15
15
25

Calibrated dates
(range 98.4%)

745-397 BCE
477-203 BCE
1,218-1,273 CE
1,272-1,380 CE
1314-1400 CE
1,326-1,424 CE
1,500-1,642 CE
1,506-1,641 CE
1,508-1,659 CE
1,507-1,649 CE
1,510-1,663 CE
729-392 BCE
159-53 BCE
141 BCE-18 CE
580-667 CE
1,054-1,222 CE
1,158-1,221 CE
1,406-1,441 CE
1,455-1,619 CE
1,508-1,648 CE
1,508-1,648 CE
789-201 BCE
135 BCE - 22 CE
93 BCE-27 CE
1,220-1,274 CE
1,226-1,285CE
393-646 CE
435-636 CE
994-1,147 CE
1,073-1,223 CE
1,158-1,226 CE
1,186-1,271 CE
1,224-1,277 CE
1,224-1,277 CE
1,226-1,286 CE
1,272-1,380 CE
1,045-1,459 CE
1,448-1,612 CE
1,235-1,378 CE
1,462-1,629 CE
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Plant identification

Hordew vulgare var. vulgare
(hulled barley)

Hordeum vulgare var. nudum
(naked barley)

Triticum aestivum/turigidum

Triticum aestivum cf.
sphaerococcum (highly compact
wheat)

Trit

cum cf. dicoccum
Triticum monococcum
Panicum

Cicer arietinum

Lens

Pisum

Lathyrus sativus

Vicia faba

Vicia ervilia

Vitis

cf. Malus

cf. Prunus

Crataegus

Pistacia vera
Lallemantia (oil crop)

Linum (cf. flax seed)

References reporting macrobotanical remai

Togolok 1

Murghab Region, Turkmenistan

Gonur

Adji Kui 1

Gonur North (Miller, 1993, 1999; Moore et al., 1994; §:

Ojakly Chopantam

x x
x x
x x
x x
x x
x
x
x
x

(Spengler etal,, 2014), Anau South and Djarkutan (Miller, 1999), Shortughai (Willcox, 1991)

Turkmenistan ~Afghanistan

Anau South

Shortughai

Uzbekistan

Djarkutan

aev and Sataeva, 2014), Adji Kui 1 (Spengler et al,, 2018), Ojakly and Chopantam
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Bos (cattle) Ovis/Capra (sheep/goat) Equus (horse)

Ustye 65% 25% 10% Kosinsev and Bachura, 2014
Kamennyi Ambar 52% 41% 7% Rassadnikov et al., 2013
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Genus

Vicia cracca
Medicago lupulina L.
Medicago sp. L.
Trifolium arvense L.

Trifolium pratense L.

Trifolium montanum L.

Melilotus spp.
Mentha spp.
Lycopus sp.
Stipa spp.
Polygonum spp.
Poa spp.
Galium spp.
Potentilla spp.
Malva spp.

Feeding value (fresh)

High
High
High
High
High
High
High
High
Normal
Normal
Normal
Normal
Normal
High
High





OPS/images/fevo-10-984725/fevo-10-984725-t004.jpg
NDVI value

0.3-0.8
0.3-0.7
0.3-0.6
0.3-0.5

Size (in ha)

7,770-7,789
6,320-6,434
5,450-5,516
3,489-3,529
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Meadow

Total

Location

Along the river
Along the stream
Forest edge

Potential depression

Size (in ha)

935-1,557
260-527
78
41-189
1,314-2,351

Pasture (T)

7,480-12,456
2,080-4,216
624
328-1,512
10,512-18,808
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Family

Fabaceae

Caryophyllaceae

Lamiaceae

Amaranthaceae
Salicaceae
Montiaceae

Cyperaceae

Polygonoceae

Asteraceae

Chenopodioideae

Urticaceae

Poaceae

Rosaceae

Euphorbiaceae
Rubiaceae
Betulaceae
Pinaceae
Brassicaceae
Apiaceae
Caprifoliaceae
Solanaceae
Unidentified
Total

Genus

V. cracca

Vicia spp.
Med/Mel/Tri spp.
Malva sp.

Fabaceae frg.
Fabaceae total
Gypsophila perfoliata
Mentha spp.
Lycopus sp.
Lamiaceae
Amaranthus sp.
Salix sp.

Montia fontana
Eleocharis palustris
Eleocharis spp.
Carex ovalis

Carex spp.
Polygonum convolvulus
Polygonum aviculare
Polygonum sp.
Polygonoceae
Rumex crispus
Rumex sp.

Artemisia sp.

Crepis sp.
Asteraceae

Chenopodium album

Chenopodium polyspermum

Chenopodium rubrum
Atriplex patula
Chenopodium rubrum
Urtica dioica

Stipa awn

Stipa sp.

Poa spp.

Echinochloa spp.
Potentilla/Fragaria sp.
Achimilla sp.
Euphorbia spp.
Galium spp.

Alnus sp.

Pinus spp.

Brassicaceae

Cephalaria sp.

Solanum sp.

Count

35
349
803

126
1,324
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Period

Late Neolithic

Early Bronze Age

Late Bronze Age

Sample
size (n)

12
23

26

Sex

Female
Male/castrate
Female
Male/castrate
Female
Male/castrate

Probability
(95% CI)

0.66667
0.33333
0.56236
0.43764
0.30141
0.69859

Mean (mm)
(95% CI)

61.012
72.11
58.419
69.984
58.391
69.717

St. dev. (mm)
(95% CI)

0.9207
1.755
1.9891
3.0558
2.7812
3.9572

Assignment

(n)
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Early

Bronze Age
female
Late Neolithic female 0.004228
Early Bronze Age female
Late Bronze Age female

Late Neolithic male/castrate

Early Bronze Age male/castrate

Late Bronze
Age female

0.01813
09711

Late
Neolithic
male/castrate

0.008475
0.003886
0.008475

Early
Bronze Age
male/castrate

0.0004456
6.31E-05
0.0004456
0.2883

Late Bronze
Age
male/castrate

7.08E-05

3.09E-06

7.08E-05
0.2502
0.9426

Significant p-values are in bold. Significance level = 0.05.
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Periods and approximate dates (BC)

Late Neolithic (2300-1900)

Early Bronze Age (1900-1500)

Late Bronze Age (1046-771)
Total

Site

Shimao
Zhoujiazhuang
Muzhuzhuliang
Shengedaliang
Nanwa
Donglongshan
Changning

Yuntang

Metacarpal Bd n

sy W

18
26
61

Source of raw data

Yu, 2020
Yu, 2020
This study
This study
Yu, 2020
Yu, 2020
Yu, 2020
This study
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Site

PLM-7
Az-11
Az-11
Az-71b
Az-71b
Az-14
PLM-4
PLM-4
Az-15
PLM-4
PLM-4
PLM-4
PLM-4
PLM-4
PLM-7
PLM-7
PLM-7
Az-6
PLM-4
Az-71b
Az-15
Az-15
PLM-7
Az-6
Az-6
Az-71b
Az-71b
Az-Indet
PLM-7
Az-6
Az-141
PLM-4
Az-71b
Az-141
Az-141
Az-71a
Az-71a

Context

Tomb 161
hab 2 sector E
hab 2 sector E

Tomb 1
Tomb 1
Tomb 37

Tomb 101

Tomb 101

Tomb 96

Tomb 136

Tomb 124

Tomb 124
Tomb 134-135
Tomb 134-135

s/t

s/t
Tomb 68
Tomb 120
Tomb 110

Tomb 1

s/t

Tomb 16
Tomb 9

Tomb 103
Tomb 61
Tomb 87
Tomb 87

s/t

s/t

s/t
Tomb 22
Tomb 124
Tomb 47

s/t

s/t

s/t

s/t

Code

22.1
001

27007
27007
27691
41
41
5111
136.1
124.6
124.6
134.2
134.2
43502
457
43501
12497.1
21
27006
54.1
21840
751
99.2
74
27026
27026
28
23025
27
21423
124.2
27021
24322
24322

Taxa

Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Achira
Ahipa
Ahipa
Ahipa
Ahipa
Ahipa
Ahipa
Ahipa
Ahipa
Cassava
Cassava
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Sweet potato
Pacay
Pacay
Pacay
Pacay

Material

Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Seeds
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber
Tuber

813C (%0)

—27.2
—27.7
—24.6
—23.9
=232
—25.0
=233
—21.8
—25.4
—23.7
—25.8
—26.7
—24.3
—25.6
—27.3
—26.6
—27.6
—24.6
—25.6
—26.5
—28.0
—25.0
—25.6
—25.6
—25.1
—26.6
—26.9
—24.3
—26.1
—25.1
—24.6
—25.8
—24.9
—24.8
—24.5
—23.5
—24.0

815N (%)

12
27.3
22.7

5.9

6.5

7.5
26.3
227
134
26.0
15.1

7.7
27.6
28.8

2.6

7.3

6.5

9.9
19.6

43

6.3

44
23.7

6.2
31.0
13.7
155
15.7
138
152
133
243
26.6
16.3
144
241
21.8

%C

45.8
37.2
25.7
50.5
43.8
39.3
31.1
32.0
44.4
30.3
35.1
47.8
27.0
36.6
47.4
42.1
46.8
47.0
42.0
40.3
42.6
47.0
42.7
67.8
46.2
41.2
37.3
347
40.7
39.8
39.2
47.2
47.8
42.0
329
40.9
41.5

%N

13
0.3
0.6
0.9
0.8
23
0.4
0.9
15
0.4
0.2
0.8
0.4
0.5
0.8
2.6
22
1.8
2.4
0.7
29
2.0
0.5
42
2.2
0.4
0.5
1.1
1.1
1.1
0.6
13
2.4
0.6
1.0
0.4
0.5

C:N

41.8
149.5
53.0
68.1
65.7
19.7
98.8
42.1
347
92.1
179.9
71.9
71.5
93.3
69.6
18.7
249
30.7
20.3
65.9
17:2
28.0
106.5
18.7
242
109.7
91.7
355
432
43.1
71.0
40.9
229
81.7
38.6
1129
94.5

Notes

Replicate

Replicate

Replicate

Replicate

Replicate

Replicate

Replicate

Replicate
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Species Element

Max.
Budorcas taxicolor Metacarpal 1492
Bovini 250
Budorcas taxicolor Metatarsal 173
Bovi 279

Greatest length (GL)

Min.

11345
1418
12697
177

Mean

130.32
191.45
148.56
22432

SD

9.49
344
113
337

16
16
15
6

The smallest breadth of the diaphysis (SD)

Max.

4856
535
399

44.68

Min.

3593
19.67
26,69
17.62

Mean

42574
36.572
33.193
29.688

SD

42
89
38
68

16
47
15
45

035
0302
0261
0173

Min.

0297
0117
0.193
0.092

SD/GL

Mean

03264
0.1959
02233
0.1346

SD

0.02
005
0.02
0.02

16
a4
15
a4
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Budorcas taxicolor Bos grunniens Bos taurus Bos gaurus Bubalus bubalis Total

Q@ & U  Subtotal Q & U  Subtotal ¢ & U  Subtotal ¢ & U  Subtotal ¢ & U  Subtotal
Mandible 6 12 0 18 2 6 13 21 7 6 6 19 3 4 3 10 3 6 3 12 80
Scapula 3 1 2 6 2 5 28 35 5 10 5 20 1 3 2 6 3 5 1 9 78
Humerus 3 1 2 6 2 5 8 15 5 10 5 20 1 3 2 6 3 5 1 9 58
Scaphoid 5 4 1 10 2 6 10 18 5 9 5 19 1 3 2 6 3 4 0 7 62
Lunate 5 4 1 10 2 6 10 18 5 9 5 19 1 3 2 6 3 4 0 7 62
Magnum 5 5 1 11 2 6 10 18 5 9 4 18 1 3 2 6 3 4 0 7 62
Unciform 3 5 3 11 2 6 9 17 5 8 1 14 1 2 2 5 3 4 0 7 53
Metacarpal 7 7 1 15 2 5 7 14 5 10 5 20 1 3 2 6 3 5 0 8 65
Tibia 2 1 2 5 1 5 9 15 6 11 5 2 1 3 2 6 3 5 1 9 59
Malleolus lateralis 2 1 1 4 2 6 10 18 5 8 4 17 1 3 2 6 3 3 0 6 53
Astragalus 2 2 3 7 2 6 12 20 5 11 3 19 1 3 2 6 4 4 1 9 63
Navicular-Cuboid 5 7 1 13 2 6 11 19 5 10 5 20 1 3 2 6 <} 5 0 8 68
Metatarsal 6 7 1 14 2 5 6 13 5 10 5 20 1 3 2 6 3 5 0 8 63
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Common
name

Takins

Wild yaks

Domesticated

yaks

Gaurs

Mithan/gayal

Taurine cattle

Zebu cattle

Domesticated

Water buffalo

Asian wild

water buffalo

“BL, Body length; SH,

Latin name

Budorcas

taxicolor

Bos mutus

Bos grunniens

Bos gaurus

Bos frontalis

Bos taurus

Bos indicus

Bubalus bubalis

Bubalus arnee

houlder height; W, W

Body size and weight*

BL: 170~220 cm.
SH:100~140cm. We.:
150~350 kg.

BL: 220~385 cm. SH:
130~200 cm. Wt.:
535~1000kg.

BL: 145~218 cm. SH:
106~129 cm. Wt

197~593 kg,

BL: 250~330 cm. SH:
170~220 em. Wt
700~1,000kg.

BL: 250 cm. SH: 120~170 cm.
W 350~560 kg.

BL: 110~124cm. SH:

96~106¢cm. Wt.: 170~201 kg.

BL: 150~250 cm. SH:
86~106cm. W.: 150~200 kg,

BL: 240~300 cm. SH:
133~142 cm. Wt.:
450~1,000kg.

BL: 240~300 cm. SH:
150~190 cm. Wt
700~1,200kg.

The altitudinal
range of
habitats

1,000~4,000 m asl

3,000~6,100m asl

2,000~5,000m asl

0~2,800m asl

0~3,000m asl

0~4,500m as|

0~ at least 3,400 m

asl

0~5,000m asl

0~1,500m asl

Habitat types

Forest, shrubland,

grassland

Grassland, desert

Grassland, desert

Forest, savanna,

grasshand

Forest, savanna,

grassland
Grassland, desert

Grassland,
wetlands, forest,
woodland
Grassland,
wetlands, forest,
woodland
Grassland,
wetlands, forest,

savanna

The current
geographic range on
the Tibetan Plateau

South and southeastern

Tibetan Plateau

~The whole plateau

~The whole plateau

Southeast Tibetan Plateau

Southeast Tibetan Plateav,
Southern slope of Himalaya
Mountains

~The whole plateau, except
north Tibet

‘The southern slope of the
Himalaya Mountains,
Southeast Tibetan Plateau
The southern slope of the
Himalaya Mountains,
Southeast Tibetan Plateau
“The southern slope of the

Himalayan Mountains

Reference

Song etal., 2008;
Castell6, 2016

Feng ctal., 1986; Buzzard
and Berger, 2016;
Castell6, 2016

Huang etal., 1981; Shi
etal, 2010

Castells, 2016;
Duckworth et al,, 2016

Simoons, 1968;
2016

astell6,

Huang etal., 1981; Shi
etal, 2010

Huang etal,, 1981;
Castello, 2016

Epstein, 1977; Castello,
2016

Castells, 2016; Kaul
etal, 2019
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Lab ID Site name Context? Taxon Collagen (%)  C(%) N(%)  C/NRatio §13C (%o) 815N (%)

HSL-15  Huoshilang 2017JHIT1007M2 Pig (Sus domestica) 63 427 154 32 -17.8 90
HSL-25  Huoshliang ~ 2017JHIT1007L10 Pig (S. domestica) 6.4 434 158 32 79 80
HSL-18  Huoshilang  2017JHIT1007H26L2 Pig (S. domestica) 77 426 154 32 02 78
HSL-19  Huoshilang  2017JHIT1007H5L3 Pig (S. domestica) 50 427 156 32 -89 85
HSL-11 Huoshiliang 2017JHIT1007HO Pig (S. domestica) 56 22 153 32 -18.7 79
HSL-27  Huoshiiang ~ 2017JHIT1007H35 Pig (S. domestica) 50 424 153 32 06 10.0
HSL-83  Huoshilang ~ 2017JHIT1007H33 Pig (S. domestica) o - - - - -
HSL-29  Huoshiiang ~ 2017JHIT1007H40 Dog (Canis familiaris) 10.9 29 156 32 -10.3 95
HSL-21 Huoshiliang 2017JHIT1007L6 Dog (C. familaris) 65 26 156 32 01 84
HSL-17  Huoshilang  2017JHIT1007H19 Dog (C. familaris) 35 422 153 32 8.1 83
HSL-31 Huoshiliang 2017JHIT1007L3 Dog (C. familaris) 0 - - - - -
HSL-12  Huoshilang 2017JHIT1007M2 Cattle (Bos taurus) 6.3 22 154 32 08 89
HSL28  Huoshiiang ~ 2017JHIT1007H38 Cattle (B. taurus) 98 430 156 32 -18.4 90
HSL-9 Huoshilang ~ 2017JHIT1007H17 Cattle (B. taurus) 0 - - - - -
HSL-22  Huoshilang  2017JHITI007H12L1  Sheep/goat (Ovicaprid) 6.1 “7 150 32 -18.4 75
HSL-16  Huoshilang 2017JHIT1007F4  Sheep/goat (Ovicaprid) 85 431 158 32 -186 a1
HSL-10  Huoshilang 2017JHITI007L7  Sheep/goat (Ovicaprid) 86 27 155 32 ~18.0(-17.6) 65°
HSL-20  Huoshilang ~ 2017JHITI007H3BL2  Sheep/goat (Ovicapric) 87 430 157 32 -17.4 65
HSL-14  Huoshilang 2017JHITI007M2  Sheep/goat (Ovicaprid) 88 430 157 32 08 85
HSL-82  Huoshiiang  2017JHIT1007H21 Sheep (Ovis aries) 85 435 158 32 -16.3 83
HSL26  Huoshiiang  2017JHIT1007L11 Sheep (0. aries) 35 436 159 32 -16.1 a1
HSL-80  Huoshilang 2017JHIT1007L8 Sheep (0. aries) 0 - - - - -
HSL-5 Huoshiliang 2017JHIT1007L9 Gzelle (Gazella sp.) 67 439 158 32 -15.2 89
HSL-24  Huoshilang 2017JHIT1007L3 Gazelle (Gazella sp.) 96 433 157 32 -15.0 65
HSL-13  Huoshilang 2017JHIT1007L6 Deer (Cervidae) 92 434 157 32 -18.8 48
HSL-84  Huoshiiang  2017JHIT1007H18 Deer (Cenvidae) 020 303 134 35 226 -
HSL-4 Huoshiliang 2017JHIT1007H2 Deer (Cervidae) 35 425 153 32 -18.9 44
HSL-3 Huoshilang ~ 2017JHIT1007H19 Deer (Cervidae) 27 425 149 33 -18.7 44
HSL-8 Huoshiliang 2017JHIT1007L3 Deer (Cenvidae) 92 428 155 32 -199(-19.9) 420
HSL-6 Huoshilang ~ 2017JHITI007L10  Hare (Lepus capensis) 77 425 154 32 -20.0(-20.0) 700
HSL-7 Huoshilang ~ 2017JHIT1007H26L2 Hare (L. capensis) 125 431 157 32 -19.7(-19.8) 6.7°
HSL-2 Huoshiliang 2017JHIT1007M2 Middle bird (Aves) 56 45 150 32 ~17.6-17.6) 9.1
HSL23  Huoshilang  2017JHIT1007H30 Middle bird (Aves) 36 422 150 33 226 44
HSL-1 Huoshiliang 2017JHIT1007HO Middle bird (Aves) 6.1 430 156 32 -16.2 90
GGW-51  Ganggangwa  2017JGTO101H3 Pig (S. domestica) 65 427 154 32 72 83
GGW-53  Ganggangwa  2017JGTO101L6 Pig (S. domestica) 82 429 153 33 75 90
GGW-57  Ganggangwa  2017JGT1911L3 Pig (S. domestica) 50 433 155 33 76 85
GGW-62  Ganggangwa  2017JGT1911L2 Pig (S. domestica) 57 433 157 32 -192 86
GGW-49  Ganggangwa  2017JGTO101H1 Dog (C. familaris) 48 431 155 32 -11.0 93
GGW-48  Ganggangwa  2017JGTO101LS Dog (C. familaris) 6.6 22 150 33 77 82
GGW-56  Ganggangwa  2017JGT1911L3 Dog (C. familaris) 49 426 154 33 -104 26
GGW-50  Ganggangwa  2017JGT1911L2 Dog (C. familaris) 72 416 149 33 -10.0 86
GGW-61  Ganggangwa  2017JGT1911L2 Dog (C. familaris) 59 418 153 32 -10.6 86
GGW-36  Ganggangwa  2017JGTO101F1L2 Cattle (B. taurus) 70 441 146 35 -18.3 6.1
GGW-54  Ganggangwa  2017JGT1911L5 Cattle (B. taurus) 53 416 150 32 -18.2 79
GGW-60  Ganggangwa  2017JGT1911L6 Cattle (B. taurus) 67 434 156 32 -15.9 69
GGW-38  Ganggangwa  2017JGTO101L6  Sheep/goat (Ovicaprid) 62 422 153 32 -17.4 82
GGW-40  Ganggangwa  2017JGTO101L8  Sheep/goat (Ovicaprid) 92 433 147 3.4 -17.6 80
GGW-45  Ganggangwa ~ 2017JGTO101L2  Sheep/goat (Ovicaprid) 52 M“7 150 32 177 74
GGW-44  Ganggangwa  2017JGTO101LS  Sheep/goat (Ovicaprid) 71 422 152 32 212 85
GGW-46  Ganggangwa  2017JGTIO11L3  Sheep/goat (Ovicaprid) 57 433 156 32 -165 72
GGW-55  Ganggangwa  2017JGT1911L8  Sheep/goat (Ovicaprid) 59 422 153 32 -17.6 63
GGW-58  Ganggangwa  2017JGT1911F2  Sheep/goat (Ovicaprid) 30 433 148 3.4 -16.9 10.7
GGW-47  Ganggangwa  2017JGTO101H2  Sheep/goat (Ovicaprid) 0 - - - - -
GGW-35  Ganggangwa  2017JGTO101LY Gazelle (Gazella sp.) 68 428 15.5 32 -13.4 74
GGW-50 Ganggangwa  2017JGTO101H3 Gazelle (Gazella sp) 5.4 419 15.1 32 152 63
GGW-37  Ganggangwa  2017JGTO101L6 Gazelle (Gazella sp.) 45 425 15.3 32 -18.4 86
GGW-43  Ganggangwa  2017JGT1911L3 Deer (Cervidae) 60 432 15.6 32 -192 48
GGW-42  Ganggangwa  2017JGT1911L2 Deer (Cervidae) 63 422 153 32 -18.8 30
GGW-52  Ganggangwa  2017JGTO101L6 Hare (L. capensis) 62 M8 15.2 32 -196 9.0
GGW-41  Ganggangwa  2017JGT1911L3 Hare (L. capensis) 63 434 15.6 32 200 9.8
GGW-39  Ganggangwa  2017JGTO101L6 Middle bird (Aves) 74 43.1 15.6 32 204 52

Some issues are specially labeled: (a) archeological context of each sample confimed during the excavation whill T stands for trail trench, L for layer, H for ash pit, F for
house site, and M for burial; (b) this sample was excluded from further data analysis due to its extremely low collagen yield (< 0.5%); (c) 8' N measurement of these five
samples were missed during the analysis in Lanzhou University, and was supplemented at Bota Analytic while $°C measured by Beta Analytic are listed with brackets
after as contrast.
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Site

YBL
YBL
ZTXFC
ZTXFC
WJIYW
ZTXFC
ZTXFC
ZTXFC
ZTXFC
ZTXFC
ZTXFC
ZTXFC
WJIYW
WJIYW
WJIYW
YBL
YBL
ZTXFC
ZTXFC
ZTXFC
YBL
YBL
YBL

Lab no.

LZU20324
LZU21094
LZU20320
LZU20315
LZU20157
LZU20160
LZU20316
LZU20314
LZU20161
LZU20317
LZU20676
LZU21093
LZU20158
LZU20159
LZU20156
LZU21433
LZU20323
LZU20318
LZU20319
LZU20322
LZU20326
LzU20327
LZU20325

Dating material

Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen
Collagen

Radiocarbon age (BP)

4440 £ 20
4340 £ 30
4040 £ 30
4010 £30
3700 £ 20
2840 £ 20
2830 £ 20
2820 £20
2810 £20
2800 + 20
2790 £ 20
2760 £ 20
2470 £20
2460 + 20
2450 £ 20
2450 £ 20
2430 £20
940 + 20
880 + 20
870 + 20
720 + 20
650 + 20
600 £ 20

Calibrated age (cal BP) 2 ¢

5277-4885
5021-4844
4612-4418
4567-4414
4144-3976
3026-2869
2997-2869
2992-2860
2961-2855
2960-2850
2958-2800
2927-2780
2710-2428
2704-2369
2699-2364
2699-2364
2688-2358
914-791
898-730
897-726
684-651
663-558
646-548

media (cal BP)

5035
4906
4492
4477
4035
2942
2929
2918
2911
2904
2893
2845
2593
2588
2513
2513
2450
849
766
760
669
588
605

104
43
64
39
42
40
35
32
31
32
35
38
83
94
103
103
96
37
40
31
15
36
28
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Date (cal BP)

5300-4000

3000-2200

1000-500

Species

Dog
Pig
Deer
Pheasant
Human
Dog
Pig
Cattle
Sheep/Goat
Horse
Deer
Human
Human

Sample number

s13¢c (%0)

Range Mean + SD
-11.4t0-8.8 -10.1 +£1.3
-19.1t0-8.6 -10.8+ 3.3
-21.8t0-15.4 -19.0+1.9

-16.90 -16.9
-17.0t0-8.0 -10.6 £ 3.7
-10.0t0 8.8 -96+04
-19.4t0-7.3 -11.9+4.7
-21.1t0-13.2 -16.1 £ 2.0
-20.4t0-7.0 -17.6+£2.2
-20.1 to 9.1 -17.8 £ 2.1
-19.0t0 -18.4 -18.7 £ 0.3
-14.4t0-11.2 -12.8+1.6
-17.8t0-8.6 —-15.4+25

515N (%o0)

Range

7.5-8.5
4.7-9.1
2.5-5.1
6.8
8.6-10.9
8.1-8.4
4.7-9.0
2.9-8.1
4.0-8.7
3.4-9.3
3.9-5.2
11.1-13.4
8.5-12.9

Mean + SD

8.0+05
73+£1:2
42+0.8
6.8
10.1 £0.9
8.2 +0.1
75+1.2
6.1 £1.2
6:0.E:
54 +11
45+0.6
123 +1.:2
108+ 1.4
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The area

Gansu
Province (the
northwestern
place of
Guanzhong
Basin)

Shaanxi
Province
(Guanzhong
Basin)

Site name
and the
quantity of
floatation
samples

The Xishan site
(Wei et al., 2009)
(n=19)

The Maojiaping
site (Wang et al.,
2019) (1 = 50)

Qin tombs at
Sunjianantou,
Fengxiang (Ling
etal., 2010b)
(n=25)
Qin tombs at
Qin Burials,
Xianyang (Ling
etal., 2019)
(n=26)
Qin tombs at
Jianhe, Baoji
(Ling et al,,
2010a) (n=14)

The relative
periods of
the samples

Late period of
Mid Western
Zhou to late
period of Mid
Warring States

Late Period of
Western Zhou
to Late Period of
Warring States
Mid Period of
the Spring and
Autumn to Mid
Period of the
Warring States
The Warring
States to Qin
dynasty

Late Period of
the Warring
States

The range of
313C
value(%o)

—7.56 to
—14.09%o

—13.3to —7.6%0

—8.92 to
—14.62%o

—7.58 to
—10.11%o

—8.19to
—10.84%o

The 8 13C
value on
average(Y%o)

—11.42%o

—10.41%o

—10.78%0

—9.38%0

—9.17%0

The range of
3 15N value
(%o0)

7.67~10.75%o

8.19~13.2%0

6.75~9.37%0

9.43~11.36%o

7.81~9.39%0

The
proportion
of Cy
vegetative
food (%)

72%

79.21%

76.57%

86.57%

88.07%

The
proportion
of Cs
vegetative
food (%)

28%

20.79%

23.43%

13.43%

11.93%
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Sequence
number

No.1
No.2
No.3
No.4

Crop name

foxtail millet
wheat
foxtail millet

wheat

Quantity

15,490 (N1)
1,612 (N2)
15,490 (N1)
1,612 (N2)

Thousand Kernel
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Carex ssp. 209 449
(five (five

types)  types)
Astragalus/Medicago spp.

Hippocrepis comosa 1
Medicago/Trifolium spp. 6
Melilotus cf. altissimus

Melilotus/Medicago

folium spp.

Melilotus/Trigonella spp.
Melitotus sp. 2 5
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Lamiaceae

of. Thymus sp. 1
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Stachys cf. alpina

f. Papaver sp.

Plantago lanceolata

Poaceae 1
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Stipa type 2
Polygonum sp. 5
Rumex spp.

Ranunculus sp. 2
Alchemilla sp.

Potentilla anserina

Potentilla sp. 1
Galium spp. 14 2
Bread/food remains 9 25
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Lipid conc.

(ngg™") Frequency of Frequency of P/Sratio Cl5ivstot Cl17ivstot

Site name Site type  Period N miliacin phytosterols mean mean (N) mean (N)

Mean Median

Katartobe Kurgans 6-4C BCE 20 87 17 75% 0% 2.4 0.38 (10) 0.42 (10)
Saba Kurgans 7-5C BCE 11 1,964 1,620 0% 0% 1.1 0.43 (10) 0.50 (10)
Tortoba Kurugas 5C BCE 17 2,410 76 18% 24% 23 0.42 (8) 0.41 (8)

Akpan Sanctuary ~ 4-2C BCE 24 13,286 1,076 13% 0% 1.0 0.44 (18) 0.40 (18)
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AKPO003I 48 FA (C9;073010, C15;171g11, C15717br)) No No - —24.29 —23.24 1.05
AL (Ci4-32)

AKP0041 17,243 FA (Cg1073010, C1511713;1, C15717br)) No No K (C31,33) —24.45 —23.87 0.59
DC (Cy_12), APAA (Cp5), AL
(Ca6-35)

AKPO05] 147 FA (Cs:0—30:0» C16:1— 18:1> C15—17by)» No Yes (tr) - —2432 —25.94 —1.62
DC (Cs—14), AL (C14-32)

AKPO0061 585 FA (C91073010, C1511713;1, C15—17br)) No No K (C33), n/a n/a n/a
DC(Cr-12), AL (Cy7-33) MAGs, DAGs

AKP0071 1,420 FA (Co:0—30:0» C16:1—18:1> C15—17br)> No No K (Cs1,33), n/a n/a n/a
DC (Cs—12) MAGs, DAGs

AKP008I 1,713 FA (Cg.0-30:0- C16:1—18:1> C15—17br)> No No MAGs, DAGs n/a n/a n/a
DC (C7-12), APAA (Cis,20tr)

AKP0091 2,852 FA (Cg1073010, C1511713;1, C15—17br)) No No MAGS, DAGs —22.35 —22.69 —0.33
DC(C7-12), AL (Cy7—-35)

AKP010I 1,008 FA (Cs:0—30:0» C16:1— 18:1> C15—17py)» No No MAGs, DAGs —21.59 —21.46 0.13
DC(Cr-13)

AKPO111 349 FA (Co0—30:0» Ci6:1— 18:1» C15— 17b0)s No Yes MAGs, DAGs —25.11 2678 167
DC (Cg_11), APAA (Cyg¢), AL
(Ca4-35)

AKPO12I 68,315 FA (Cs:0—30:0» C16:1—22:1> C15— 17py)» No No Chol (tr), —22.69 —22.05 0.64
DC (Cr-12) MAGs, DAGs

AKP013] 1,064 FA (C91073010, C1511724;1, C15—17br)) No No Chol (tr), —22.64 —23.49 —0.85
DC (Cs_16), AL (C30—_32) MAGs, DAGs

AKPO0141 320 FA (CIO:O—ZS:O) Clg;l, C15—17br)) DC No Yes = —25.36 —26.84 —1.49
(Co—14), AL (Cp5-33)

AKPO15] 87,333 FA (Cs:0—30:0» C16:1—22:1> C15— 17br)s No No - 2191 2323 —132
DC (C7-12), AL (C30)

AKPO161 860 FA (C91073010, C1511713;1, C15—17br)) No No MAGS, DAGs n/a n/a n/a
DC(Cs—12), AL (Ca5-32)

AKPO0171 1,088 FA (C12;072410, C15;171g11, C15717br)) No No K (C33) —23.68 —24.04 —0.36
DC (Co)

AKPO18I 1,062 FA (C12:0—260» Cis:1» C15—17bs), DC No No MAGs, DAGs 2320 2593 273
(Co)

AKP0191 4,120 FA (C12;072410, C15;171g11, C15717br)) No No K (C31,33), —19.78 —20.00 —0.22
DC (Co—12), APAA (Cyg) MAGs, DAGs

AKP0201I 4,322 FA (C12;072510, C15;171g11, C15717br)) No No K (C31,33), —20.49 —20.63 —0.15
DC (Co—12) MAGs, DAGs

AKP0211 94 FA (C12:0— 280> C16:1— 18:1» C15—17bs)s No No = —21.88 —23.06 —~1.18
AL (C31-35)

AKP0221 23 FA (CIZ:O—ZS:O) C15;171g11, C15717br)) No No = —23.66 —24.71 —1.06
AL (Cy5-35)

AKP023I 350 FA (C14:0—24:0» Cis:1> Cio—18br) No No - —21.59 2285 —~1.26

AKP0241 2,298 FA (C14;072410, C15;171g11, C16718br) No No - —21.65 —22.48 —0.84

FA, fatty acids; Cyiys saturated fatty acids with x carbon length and number of unsaturations y; br, branched chain acids; DC, a,w-dicarboxylic acids; APAA, w-(o-alkylphenyl) alkanoic
acids; tmtd, 4,8,12-trimethyltridecanoic acid; phy, phytanic acid; Chol, cholesterol; Sit, B-sitosterol; Cam, campesterol; Ret, retene; M-DHA, methyl dehydroabietate; 7-oxo-DHA, 7-oxo-
dehydroabietic acid; AL, alkane; MAGs, monoacylglycerols; DAGs, diacylglycerols; K, ketone; tr, detected at trace level.
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TOR0071
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TORO111

TORO121

TORO13I

TORO0141

TORO15I

TORO16I

TORO171

AKPO0O011I

AKP0021I

1,620

4,770

2,598

7,647

2,529

87

128

160

59

76

100

6,205

12,492

52

46

85

3,560

17,786

56

112

34

62

32

55

57,782

64,476

FA (Ci0:0-30:0> Ci8:1-20:1> Cis225
Ci5-17br), DC (Cs—12), APAA (Cys),
phy, AL (Cag—35)

FA (C10:0-30:05 Ci6:1-24:1> C15—-17br)>
phy (tr), tmtd (tr), AL (C29-31)

FA (C10:0-28:0> C1s:1, C15—171;), DC
(Co), phy, tmtd (tr), AL (C5;)

FA (C10:0-26:0, C14:1—18:15 C15-17br)s
DC (Cg-12), phy (tr)

FA (C12:0-30:00 Ci6:1-18:1> C15-17br)>
DC (Co), phy (tr), AL (Cp7-31)

FA (C12:0-26:0, C16:1-18:15 C15-17pr)s
AL (Cp-35)

FA (C10:0-30:0, C16:1-22:1> C15-17br)s
DC (Cy1—12), phy, AL (C4_35)
FA (Cs:0-30:0> Ci8:1> Ci5-17br)>
DC (Cg—13), phy, AL (Cz6—35)

FA (C6:0—30:0> Ci6:1—24:1 C15—-17pr)s
DC (Cg_14), phy, AL (C2_35)

FA (Cg:0-30:05 Ci8:1-22:1> C15—17br)>
AL (Ci2-35)

FA (Ce:0-30:05 Ci8:1-22:1> Ci5—-17br)>
DC (Cg—10), phy, AL (Cy4—35)

FA (Cs:0—30:0> C1s:1, C15—17b1), DC
(Cg—12)s phy (tr), AL (C14_35)

FA (C6:0—30:0> C18:1-22:15 C15—-17br)s
DC (Cs-11), phy, AL (C12-33)

FA (Ce:0-32:05 Ci8:1-24:1> Ci5—17br)>
DC (Cs-11), AL (C12-35)

FA (Cs:0-24:0> Ci6:1-18:1> C15—-17br)s
AL (Ci4—35)

FA (C10:0-28:0, C18:1, C15-17br)> Phy
(tr), AL (C14-35)

FA (Cg:0-28:0> Ci8:1-22:1> C15—17br)>
phy, AL (C12-35)

FA (Cs:0—30:0> Ci6:1-18:15 C15—-17br)s
DC (C7-12), AL (C12-35)

FA (Ce:0-30:05 Cra:1-20:1> C15-17br)>
DC (Cs-11), AL (C12-35)

FA (Co:0-30:05 Ci6:1-18:1> C15—-17br)>
DC (Cg—9), phy (tr), AL (C14—35)

FA (Cs:0—30:0> Ci6:1-22:15 C15-17br)s
DC (Cg_11), phy (tr), AL (C14—35)

FA (Co:0-28:0> Ci6:1-24:1> C15—17br)>
AL (Cy3-35)

FA (Co:0-28:0> Ci6:1-24:1> C15-17br)>
DC (C11), AL (C13-35)

FA (Co:0-30:0> Ci6:1-18:1> C15—-17br)>
DC (Cg—11), AL (Cy2-35)

FA (Cs:0-28:0> C18:1-22:1, Cis:2,
Cis—17br), DC (Cg—11), phy, AL
(Cra—35)

FA (Cs:0-30:0> Ci6:1-24:15 C15—-17br)s
DC (C7-9), AL (Cz6-35)

FA (Cg:0-30:05 Ci6:1-24:1> C15—17br)>
DC (Cs-10), AL (C30-35)

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

DHA, MAGs,
DAGs

MAGs, DAGs
Chol, MAGs,
DAGs

MAGs, DAGs
MAGs, DAGs

Chol

Chol

(Cs1,33),
MAGs, DAGs

Cho
Chol, DAGs
Chol, K (Cs3),

MAGs, DAGs
Chol, K (Cs3)

Sit

Chol, MAGs,
DAGs
MAGs, DAGs

DHA, MAGs,
DAGs

Sit, Chol

Sit, Chol

Chol

MAGs, DAGs

MAGs, DAGs

MAGs, DAGs

—25.08

n/a

n/a

n/a

n/a

n/a
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n/a
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n/a
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KAT002I
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KAT0041
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KAT0061

KAT0071

KAT008I

KAT0091
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KAT0201

SABO0011I

SAB002I

SAB003I

Lipid
conc.

(ngg")

147

182

142

19

390

222

364

32

23

1,972

231

Major compound
detected by AE

FA (C12:0-24:0 C17:1-18:1)> AL
(C15-35)

FA (C12:0-24:0, Ci6:1-22:1), AL
(Ci5-35)

FA (C12:0-26:0> Ci6:1-22:1, C15—-17br)s
AL (Cy5-35)

FA (Ci0:0-30:0> Ci6:1-18:1> Cis2>
Ci5-17br), DC (Co—12), phy, AL
(C15-35)

FA (C10:0-30:05 C16:1-22:1> C15—-17br)>
DC(Cs-12), AL (C15-35)

FA (C12:0-24:0, Ci8:1-22:1), AL
(Cr7-35)

FA (Ci0:0-30:0> Ci6:1-22:1, Cis:2,
Cis5-17br), DC (Cs—12), phy, AL
(Cr7-35)

FA (C12:0-26:0> Ci6:1-22:1, C1s2), AL
(Ci15-35)

FA (C12:0-24:05 C18:1> Ci5—17b)> AL
(Cra-35)

FA (Co.0-30:0 C16:1-22:1> Cis:25
Ci5-17pr), DC (Cg—12), AL (C17-35)
FA (Cs:0—30:0, C18:1, C15-17pr), DC
(Cs—9), phy (tr), AL (C14-35)

FA (C12:0-30:0> Cis:1> Cisr)> AL
(Caz-35)

FA (Cs:0—-32:0, C14:1-22:1, Cis:2,
Ci5-17pr), DC (Cg—_11), tmtd, AL
(Ca9-35)

FA (C10:0-26:0> Ci6:1-18:1> C15—17br)>
DC (Co), AL (Cy7-35)

FA (C12:0-26:0, C16:1-22:1, C15-17br)>
AL (Cy7-35)

FA (C10:0-28:0> C16:1-22:1> C15—-17br)>
DC(Cy—11), phy, AL (Cy5-35)

FA (C12:0-28:0> Ci6:1-22:1, C15—-17br)s
phy (tr), AL (C1s_35), Ret, M-DHA,
7-oxo-DHA

FA (C12:0-28:0> Ci6:1-22:1, Cis:2
Ci5-17pr), DC (Co—_11), phy, AL
(C17-35)

FA (C12:0-28:0> C14:1-22:1, C15—- 171 )
AL (Cp3-35)

FA (Ci6:0-26:0> Cis:1-22:1), AL
(Cra-35)

FA (C12:0-30:05 Ci6:1-24:1> C15—-17br)>
DC (Ci1-12), phy, AL (C15-35)

FA (Ci4:0-28:0> Ci6:1-18:1 C15—17br)s
AL (Cp-35)

FA (C12:0-30:0> Ci6:1-22:1,C15-17br)>
APAA (Cisu), phy, AL (Cps5-35)

Miliacin
detected

(AE)

Yes (tr)

No

Miliacin
detected
(TLE)

Other 3 13C16:0
compound (%o)

detected

by TLE

Chol n/a
Chol n/a
Chol n/a
Chol, MAGs —25.16
MAGs, DAGs —26.49
Chol n/a

- —26.04
Chol n/a
Chol n/a
Chol, MAGs, —25.03
DAGs

MAGs, DAGs —2591
MAGs, DAGs n/a
MAGs, DAGs —26.45
Chol —27.21
MAGs n/a
MAGs —2593
Chol n/a
Chol, MAGs, —26.58
DAGs

- n/a

- n/a
K (Cs3,35) —23.66
Chol n/a
Chol, DHA, —24.98
MAGs, DAGs

8 3Cisi0

(%00)

n/a
n/a
n/a
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n/a
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n/a
n/a
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n/a
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n/a
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n/a
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n/a
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n/a

—28.34

A13C
(%0)

n/a
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n/a

—4.08

—2.50
n/a

—3.81

n/a
n/a
—2.66
—391
n/a

—3.37

—0.80
n/a
—4.33

n/a

—4.28

n/a
n/a
—5.60
n/a

—3.36
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Site Period ‘Wild/Domesticated Sus scrofa Caprine Human References

n AYNeu-pie TPer 1 ANGlu-pe TPer  n ANeu-phe TPrer
Hasankeyf Hoyik ~ 9500-9000 cal BC Wild 3 03 £06 21 201 4 09 +04 20 £00 15 50 16 28 402 ltahashictal, 2017
Asikli Hoyitk 7900-7500 cal BC Wild 4 =01 £06 21 #01 9 -10 £05 20 £01 41 28 *1.2 25 £02 ltahashietal, 2021
Hakemi Use 6100-5900 cal BC. Domesticated 3 1.0 *1.6 22 02 6 -08 *1.0 20 01 19 30 £05 25  £01  Itahashietal, 2019
Teld-Kerkh  6400-6000 sl BC Domesticuted 310 209 22 401 5 08 £08 20 401 1 27 07 25 00 lthwhictal, 2018
Gurgy 5200-3800 cal BC Domesticated 1 -03 21 2 -6 12 19 01 7 49 26 28 #04  Reyetal,2022
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Sort Sample size (n) 3'3C Max (%) 8'3C Min (%) 3'3C Mean (%) 3'3C SD 10 (%) 3'°N Max (%) 5'°N Min (%c) 3'5N Mean (%) 8'°N SD 1o (%0)

Fauna 56 -7.2 -22.7 -15.3 4.4 108 30 7 1.7
Livestock 37 -72 -212 -13.8 4.5 10.8 6.1 83 10
Omnivore 18 72 -19.2 -10.6 38 10.1 78 87 0.6
Herbivore 19 -9.8 =212 -16.8 27 10.8 6.1 79 12
Wildlife 19 -134 -22.7 -18.3 2. 98 3.0 6.5 21
Pig 10 72 -19.2 -11.4 4.8 10.1 78 86 0.6
Pig C3 3 -17.8 -19.2 -18.6 0.6 9.0 79 85 05
Pig Cs 7 7.2 -96 -8.2 09 10.1 78 86 0.7
Dog 8 7.7 -11.0 -9.7 1.2 9.6 82 88 05
Cattle 5 -9.8 -18.3 -16.1 32 9.0 6.1 78 1.1
Sheep/goat 14 -98 -212 =171 2.4 10.8 6.3 80 1.2
Gazelle 5 -134 -18.6 -15.6 1.6 89 6.3 756 1.1
Deer 6 -18.7 -19.9 -19.0 0.4 48 30 42 0.6
Hare 4 -19.6 -20.0 -19.8 0.2 98 6.7 8.1 13
Bird 4 -16.2 -22.7 -19.2 25 9.1 4.4 6.9 21
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Lab code Site name Context Material  CollagenLabID Taxon AMS '4C age(BP) Calibrated age 2¢(cal BP) Mean and o(BP)

LzU20279 Huoshiliang  2017JHIT1007H9 Bone collagen HSL-11 Pig 3,500 + 20 3,840-3,690 3,770 + 40
LZU202807 Huoshiliang  2017JHIT1007M2  Bone collagen HSL-12 Cattle 3,550 + 20 3,910-3720 3,830 + 50
Beta-5670097 Huoshiliang 2017JHIT1007M2 Bone collagen HSL-14 Sheep/goat 3,500 + 30 3,870-3,650 3,770 + 50
LzU18134 Huoshiliang  2017JHIT1007F4 Bone collagen HSL-16 Sheep/goat 3,495 + 25 3,840-3,690 3,770 £+ 40
Beta-567430  Huoshiiang 2017JHIT1007L3 Bone collagen HSL-24 Gazelle 3,630 + 30 3,900-3,690 3,800 + 50
LzU20404 Huoshiliang  2017JHIT1007L10 Bone collagen HSL-25 Pig 3,480 £+ 20 3,840-3,690 3,760 + 40
LZ7U181352 Huoshiliang  2017JHIT1007L11 Bone collagen HSL-26 Sheep 3,520 + 20 3,880-3,700 3,780 £ 40
Beta-5670107 Ganggangwa 2017JGTO101L8 Bone collagen GGW-40 Sheep/goat 3,610 + 30 4,070-3,830 3,920 + 50
Beta-567431 Ganggangwa 2017JGTO101L2 Bone collagen GGW-45 Sheep/goat 3,610 £ 30 3,880-3,690 3,780 + 50
LzU20281 Ganggangwa 2017JGTO101L5 Bone collagen GGW-48 Dog 3,600 + 20 3,980-3,840 3,910 + 40
LZU20405 Ganggangwa 2017JGTO101L6 Bone collagen GGW-53 Pig 3,580 + 20 3,970-3,830 3,880 + 40
Beta-567011% Ganggangwa 2017JGT1911L3 Bone collagen GGW-55 Sheep/goat 3,510+ 30 3,880-3,690 3,780 + 50
LzU20282 Ganggangwa 2017JGT1911L2 Bone collagen GGW-59 Dog 3,600 + 20 3,980-3,840 3,910 + 40
L7U20283 Ganggangwa 2017JGT1911L6 Bone collagen GGW-60 Cattle 3,680 + 20 3,970-3,830 3,880 + 40
LZU202842 Ganggangwa 2017JGT1911L2 Bone collagen GGW-62 Pig 3,530 + 20 3,890-3,710 3,800 + 50

Conventional ages were calibrated by the IntCal20 curve (Reimer et al., 2020) via the OxCal 4.4.4 online program (Bronk Ramsey, 2021). Data with special label (a) have
been previously reported in Ren et al. (2022).
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Element

1st Phalanx
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Metapodial
Scapula
Scapula
Humerus
Radius
Tibia
1st Phalanx
2nd Phalanx

3rd Phalanx

Metapodial
Ulna
Calcaneum
Femur
Radius
Humerus
Femur

Tibia

Ossification centers

Proximal epiphysis
Proximal epiphysis
Proximal epiphysis
Bicipital tuberosity
Tuber spinae
Distal epiphysis

Proximal epiphysis

Distal epiphysis

Distal epiphysis

Distal epiphysis

Distal epiphysis

Distal epiphysis

Proximal epiphysis
Tuber calcis
Proximal epiphysis
Distal epiphysis
Proximal epiphysis

Distal epiphysis

Proximal epiphysis

Phase

Initial

100% (11/0)
N/A
100% (6/0)
100% (8/0)
100% (9/0)
N/A
N/A
N/A
100% (11/0)
N/A
N/A
0% (0/1)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N =46

Early phase

00% (5/0)
50% (1/1)
85.71% (6/1)
00% (3/0)
00% (3/0)
0% (0/2)
0% (0/1)
00% (2/0)
00% (5/0)
00% (1/0)
50% (1/1)
50% (2/2)
0% (0/2)
100% (1/0)
0% (0/1)
0% (0/1)
100% (1/0)
N/A
0% (0/1)
N =44

Fusion periods are based on, Silver (1969), Noddle (1974), and Marshall (1990). NA, no elements with recordable fusion status.

Middle

83.33% (5/1)
100 (19/0)
100% (17/0)
93% (14/1)
100% (27/0)
75% (6/2)
100% (4/0)
60% (3/2)
75% (3/1)
100% (19/0)
100 (4/0)
77.27% (17/5)
60% (3/2)
100% (4/0)
42.86% (6/8)
42.86% (3/4)
N/A
50% (3/3)
50% (1/1)
N =188

Later

N/A
N/A
N/A
N/A
100% (1/0)
100% (3/0)
100% (1/0)
N/A
N/A
N/A
N/A
N/A
100% (1/0)
N/A
N/A
100% (1/0)
N/A
N/A
N/A
N=7
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Period of fusion

Before birth

7-10 months
12-18 months

12.6 months

24.3-36 months
24-24.6 months
24-36 months
36.6 months
36-36.6 months
36.6-48 months

Number of elements with recordable fusion status

Element

1st Phalanx
2nd Phalanx
Metapodial
Scapula
Humerus
Radius

1st Phalanx
2nd Phalanx

3rd Phalanx

Metapodial
Tibia
Fibula
Femur
Calcaneum
Humerus
Radius
Ulna

Ulna

Femur

Ossification centers

Proximal
Proximal
Proximal

Bicipital tuberosity
Distal epiphysis
Proximal epiphysis
Distal epiphysis
Distal epiphysis
Distal epiphysis

Distal epiphysis

Distal epiphysis
Proximal epiphysis
Proximal epiphysis
Tuber calcis
Proximal epiphysis
Distal epiphysis
Olecranon

Distal end

Distal epiphysis

Initial

00% (3/0)

00% (

/0)

00% (2/0)

N/A
00% (
N/A
00% (
00% (
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

/0)

/0)
/0)

N=9

Fusion periods are based on Silver (1969) and Noddle (1974). NA, no elements with recordable fusion status.

Phase

Early phase

00% (8/0
00% (
00% (3/0
00% (
0% (0/1)
00% (1/0)
00% (8/0)

(1/0)

(2/0)

)
)
)
)

00% (1/0
00% (2/0
42.86% (3/4)
N/A
N/A
0% (0/1)
100% (1/0)
N/A
50% (1/1)
N/A
N/A
N/A
N=30

Middle

92.86% (13/
96% (25/1)
92.30% (12/
100% (10/0)
60% (3/2)
91.67% (11/
20% (12/3)
95.83% (23/
N/A
76.47% (13/4)
63.63% (7/4)
100% (1/0)
10% (1/9)
71.43% (5/2
11.11% (1/8
83.33% (5/1
57.14% (4/3
100% (1/0)
8.33% (1/11)
N =200

)
)
)
)

Later

100% (3/0)
100% (3/0)
100% (1/0)
N/A
N/A
N/A
100% (2/0)
100% (2/0)
N/A
100% (4/0)
100% (1/0)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Phase Initial Early Middle Late

Element Cattle Caprines Cattle Caprines Cattle Caprines Cattle Caprines
N % N % N % N % N % N % N % N %

Cranial Cranium 2 18 1 100 134 33 219 60 290 22 73 10 16 36 11 31
Mandible
Maxilla
Tooth
Axial Scapula 61 15 54 15 660 51 432 62 11 24 17 49
Pelvis
Vertebra
Rib
Fore limb Humerus 67 17 33 9 127 10 69 10 5 11 6 17
Radius
Ulna
Hind limb Femur 31 8 18 5 66 5 36 5 2 4
Tibia
Distal limb ~ Metacarpal 9 82 111 51 38 10 150 12 90 13 11 24 1 3
Metatarsal
Astragalus
Calcaneum
Phalanx
Total 11 1 404 362 1,293 700 45 35
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Initial Early Middle Late

Simpson’s index of diversity (1-D’) 0.64 0.66 0.51 0.55
Simpson’s evenness index (1/(D" x S)) 0.47 0.19 0.13 0.44
NTAXA 6 16 16 5
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Phase Initial(1600-900 BCE) Early(850-750 BCE) Middle(500-400 BCE) Late(400 BCE-25 CE)

Domestic species

Bos taurus, Bos indicus or hybrids, cattle 11 424 1,298 45
Caprini (Ovis aries/Capra hircus), Sheep/goat 1 299 703 35
cf. Camelus dromedarius, camel 1 7

Equus asinus, donkey 3

Canis familiaris, dog 1

Gallus gallus, chicken 14 22 1
cf. Gallus gallus, cf. chicken 1 4

Wild species

Gazella, Gazelle 3

Madoqua, Dik dik 2

cf. Madoqua, Dik dik 3 1

Suiform 36 4

Lepus, hare 1 6 6

Procaviidae, hyrax 1 6

Indeterminate microrodents 30 4

cf. Indeterminate microrodents 1 i

Carnivora 1 1
Francolin 7 7

cf. Francolin 6 2

Aves, bird 4 60 58 2
Repitlia |

Primate 1

Size/morphology groups

Bovidae 24 295 678 52
Small bovid 4 133 76 4
Small mammal 1 3 3
Medium mammal 1 37 2

Large mammal 13 292 22 1
Medium bovid 18 813 242 25
Large bovid 15 788 279 45
Other

River shell 1

UID mammal 158 2,721 3,436 782
PID mammal 89 2,194 2,007 27
Mixed context 4,067

Grand total 22,471
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Phase Field

Al A2 A3 B2 Cl1 C2 El

Late 9 147 13 854
Middle 2,559 847 382 676 695 3,697
Early 2,904 173 1,660 2,993

Initial 191 8 4 142
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Moshiri

Usu-
Oyakotsu

Usu-
Oyakotsu

Usu-
Oyakotsu

Usu-
Oyakotsu
Rebunge

Rebunge

Rebunge

Rebunge

Onkoromanai

Lab no.

USM-SRP1-
DC1L
USM-SRP3-
DC1
USM-SRP3-
DC1L
USM-SRP6-
DC1L
OYK-SRP1-
DC1
OYK-SRP1-
DC1L
OYK-SRP3-
DC1L
OYK-SRP3-
DC2
RBG-SRP1-
DC1L
RBG-SRP1-
DC1L

RBG-SRP3-
DC1

RBG-SRP3-
DC1L

‘OKN-SRP1-
DC1L

Figure 3

(A)
(B)1
(B)2
©
(D)
(E)
()
@)
(H)

()

)

(K)

)

Shape

Damaged
Elliptical
Elliptical
Elliptical
Polygonal
Damaged
angular
circular
Pentagonal

Damaged

Elliptical

Semi-
elliptical

Damaged

Damaged

Vertical
diameter

Unknown

16.88 um

18.38 um

23.63 pm

63um

Unknown

1697 um

2081 pm

Unknown

1974 um

1122 pm

Unknown

Unknown

Horizontal
diameter

Unknown

1378 um

1462 pm

27.68 um

8.16um

Unknown

17.69 um

2223 pm

Unknown

1426 um

1071 pm

Unknown

Unknown

Extinction
cross

Vanished

Unknown

Vertical

Gammadion

Vertical?

Vanished

Gammadion

Vertical

Vanished

Vertical

Vertical

Vanished

Reverse
gammadion?

Candidate
species

Unknown
Unknown
Quercus sp?
Bulb/tuber

Oryza
sativa?

Unknown
Bulb/tuber

Juglans
ailanthifolia?

Unknown

Castanea
crenata or
Quercus sp?

Castanea
crenata or
Quercus sp?

Unknown

Unknown
(Poaceae?
Possibly not
Oryza
sativa)
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Initial
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Post-occupational

Approximate date range

1600-900 cal BCE
825-750 cal BCE
500-400 cal BCE
400 cal BCE-25 cal CE
700-800 cal CE
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Sample

Beta-378038
Beta-422626
Beta-266010
Beta-378044
TO-13659
Beta-266009
Beta-266011
GS1

GS6

GS10

Context

A1 L68 P147 #2068
C2L30 P97 #4220
A2 126 P40 #1268
A1L47 P106 #1116
B2L4P17

C1L17 P42 #1164
E1L12 P15 #1970
C1L8 P14 #1182
C1L8 P14 #410

A2 126 P43#1287

Material

Charcoal
Charred lentil
Donkey
Chicken
Cattle
Chicken

Dog

Charcoal
Charcoal

Conventional RC Age bp

2,920 £ 30
2,810 & 30
2,550 & 40
2,590 £ 30
2,400 £ 50
2,390 + 40
2,430 £ 40
2,260 £ 30
2,260 £ 30
2,550 & 40

OxCal 4.2, 95.4% prob

Cal BCE

1211-1020
1050-895
806-542
820-595
753-393
747-389
753-404
397-209
397-209
806-542

Ceramic phasing

Initial

Initial

Early

Early

Middle
Middle
Middle

Late

Late
Early-middle
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Individual
no.

Site

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Moshiri

Usu-Oyakotsu

Usu-Oyakotsu

Usu-Oyakotsu

Usu-Oyakotsu

Minami-Usu 6

Minami-Usu 6

Rebunge

Rebunge

Rebunge

Onkoromanai

Onkoromanai

Oshonnai 2

Lab no.

USM-SRP1-
DC1

USM-SRP1-
DC2

USM-SRP2-
DC1

USM-SRP3-
DC1

USM-SRP3-
DC2

USM-SRP4-
DC1

USM-SRP5-
DC1

USM-SRP5-
DC2

USM-SRP6-
DC1

OYK-SRP1-
DC1

OYK-SRP2-
DC1

OYK-SRP3-
DC1

OYK-SRP3-
DC2

MNU-
SRP1-DC1

MNU-
SRP1-DC2

RBG-SRP1-
DC1

RBG-SRP2-
DC1

RBG-SRP3-
DC1

OKN-SRP1-
DC1

OKN-SRP2-
DC1

OSN-SRP1-
DC1

Figure 2

(A)
(B)
©)
D)
(D)
(E)
(F)
(F)
@)
(H)
0]

)

(K)

(L

(M)

™)
(©)
(P)

(V)

(R)

©

Cultural
period

Epi-Jomon
Epi-Jomon
Epi-Jomon
Epi-Jomon
Epi-Jomon
Final Jomon
Final Jomon
Final Jomon
Epi-Jomon
Epi-Jomon
Epi-Jomon
Epi-Jomon
Epi-Jomon

Epi-Jomon

Epi-Jomon

Epi-Jomon
Epi-Jomon
Epi-Jomon

Epi-Jomon

Epi-Jomon

Epi-Jomon

Excavation Sapmed

spot
Grave No. 4
Grave No. 4

Grave No.
7(1)

Grave No.
13

Grave No.
13

Grave No.
14

Grave No.
16

Grave No.
16

Grave No.
17

GP021
GP021
GP016

GPO16

Grave pit

Grave pit

Unknown
Unknown
Grave No. 1

Layer in the
latter half of
the
Epi-Jomon
Layer in the
latter half of
the
Epi-Jomon

Grave No. 2

no.

EPJ-73

EPJ-73

EPJ-71

EPJ-63

EPJ-64

EPJ-33

Specimen
no.

No.4
No.4
No.7(1)
No. 13
No. 13
No. 14
No. 16A
No. 16A
No.17

GP021D
human bone

GP021H
human bone

GPO16
human bone

GP016
human bone

Minami-
Usu 6
human bone
Minami-
Usu 6
human bone

A

Sex

Male

Male

Male

Male

Male

Female

Female

Female

Male

Unknown

Unknown

Male

Male

Female

Female

Unknown

Unknown

Male

Male

Female

Male

Starch
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Xinjiang & E. C. & W. Tien W. Himalaya-
Tien Shan Shan & Pamirs Hindu Kush

A9 A A Forestclearing &

W 26 25 herding; lake
3 Increased indicators 19 eutrophication
A A of land use and fire, H = B
1 3 multiple records 16 15 20
Expansion of
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18 Wideragro-
A pastoralistland use
5 26 Expanded agro-
A . A A pastoralism;
3 5 14 22 ) 3
arboriculture?
A Intensive irrigation &
4 envnronn?ental Developmentof arboriculture 3-2k A A 21
degradation BP? 73 .07
29
. Multi-proxy
17 18 20 indicators for
herding. Forest
Fireand possible forest clearing?
A  clearingin Altai
8
- Increasing impacts - various 22 26
A - 18 proxies, multiple records
3 2 11 13 25 pollenindicators

for agriculture

Archaeological evidence for Agricultural transition in
A agro-pastoralism; increasing archaeological record; pollen,
1 indi i fungal spore and charcoal . L.
pol.le.nmdlcatorsand e 10EEe T Agricultural transition in
activity increases in palaeo-records

archaeological record ca. 4.5k BP

B Single proxy

A Faecal biomarkersat Chatyr Kol; A Multi proxy
12 zooarchaeological evidence for herding,

central and westTien Shan date to ca.
7000 BP.
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No.

10

11

12

13

14

15

16

17

18

19

20

21

2

25

27

Name
(region)

Bosten (Xinjang)

Wenquan (Xinjiang)

Ghaotanhu (njiang)

Balikun (Xinjiang)

Lop Nur (Xinjiang)

Niya Xinjiang)

YC (Xinjiang)

Alahake (Xinjiang)

Ji (inflang)

Chatyr Kol (C. and W,
Tien Shar)

Issyk Kol (. and W,
Tien Shar)

SonKol (C. and W. Tien
Shan)

Bakaly (C. and W. Tien
Shan)

Ak Terek (C. and W,
Tien Shan)

Ortok (C. and W. Tien
Shan)

Nizhnee and Verkhnee
(C. and W. Tien Shar)
Kiohikol (C. and W. Tien
Shan)

Karakol (KG) (C. and W.
Tien Shan)

Karakul (TJ) (Pamirs)

Shukan (Western
Himalaya-Hindu Kush)

Kabal (Western
Himalaya-Hindu Kush)
TMOT (Western

Himalaya-Hindu Kush)

PHO (Western
Himalaya-Hindu Kush)

$G02 (Westen
Himalaya-Hindu Kush)

Anchar (Western
Himalaya-Hindu Kush)

Tso Morir (Western
Himalaya-Hindu Kush)
oo Kar (Westem

Himalaya-Hindu Kush)

Site Type.

Lake

Wetiand

Wetland

(saline/dry)

Lake bed
(dry)

terrace/dried
wetland

Loess.
section

Lake
(saline)

Lake

Lake

Lake

Mire

Mire

Lake/mire

Lake

Lake

Lake

Swamp

Swamp

Mire

Swamp

Mire

41931

4497373

44,3054

43.64428

4020806

87.14374

3621911

47.68908

46.87831

4058633

4262003

41.80002

4186734

412815

4124565

4130035

30.98767

4283889

390176

3638333

351

3392117

3387481

33.83455

34.14377

3292044

33.16667

Long.

86.804

8103134

86,0804

9277133

9020972

8276689

8152056

875785

87.39447

75.21007

77.41453

75.16181

71.96008

72.83431

73.26452

72.96399

7355193

77.3925

73,5327

73.11667

72.21667

745188

7458159

7457271

74.78636

78.32333

78

Firstimpact
(years BP)

5~k

32

2-1k

2-1k

k0

43k

43k

2-1k

-0

-0

32

43K

10

32

32

32

10

43K

43K

32

Secondary
impacts
{years BP)

43k

05k-0

-0

43k

2-1k

10

0.5k-0

21k

Single/mult
proxy

Muli (Pollen, NPP,
charcoal)

Single (Charcoal)

Ml (Charcoal,
pollen, TOC,
sediment sizo)
Mt (Pollen, TOC)

Mot (Sediment
size, sotope,
ostracod)
Single (Pollen)

Multi (Sediment
size, magnetics)

Mui (Pollen,
charcoal)

Muli Pollen,
charcoal)

Multi

Mot (Pollen, NPP,
charcoal)
Multi (NPP, diatom)

Multi (Pollen,
charcoa)

Mo (Pollen,
charcoal)
Single (Poller)

Single (Polien)

Mt Polen,
charcoal)

Single (Pollen)

Single (Poller)

Single (Polien)

Single (Pollen)

Multi(Pollen, NPP,
charcoal, sediment
size)

Multi (Polien, NPP;
charcoal, sediment
size)

Multi (Pollen, NPP,
charcoal, sediment
size)

Multi (Pollen,
geochemical, TOC)

Mt (Pollen, NPP,
charcoal)
Single (Polien)

Notes.

Reductionin forest, charred grass and low levels
indicator polen c. 4.5 kBP. Post 4 KBP increase in
Glomus, ruderals, charred remains and Xanthium
Grassland fire activty after 4 KB Interpreted as.
regional environmental change allowing occupation of
‘area. Authors also raise possibilty of human-fire
relationship

Charcoal influxes, anthropogenic pollen, increased TOC
and coarse sediment ca.3.5 k BP; 500 BP to present

Expansion of meadow vegetation after 2.3 k BP. LOI
indicates higher orgaric fraction, sediment size
indicating low lake levels. Interpreted as result of
inigated agriculture.

‘Aeolian layer indicating desiccation resulting from
irfigation. Lake drying out of synch with regional lake
high stands and 8180 indicators of wetter environment
Increased Poaceae polen intrepreted as agricultural
activityin cold-wet cimate phase

Meag. susc., hemaite, partcle size. Accelerated
‘weathering and dust Girculation attributed to rapid
population growth and ciimate deterioration after 2 KBP
Increasad fire actvty and expansion of herbs at c. 1.7 k
BP. Sharp decrease in trees, increased herbs and fre
activty 0.5k-present

Gereal-type pollen and charcoal influx increase after c.
400 BP. Aquatic polien types indicate low lake level,
interpreted as anthropogenic water draw off during
Qing period agricutural expansion

Fecal biomarkers ~ humans and herbivores present,
Gradual reduction in arboreal pollen

Pollen, coprophagous spores, charcoal; Glomus spores
5-4k; 4-3K BP; 1k BP-present

2 spikes in coprophagous spores . 3.7k and 2.6 k BR.
Increased aigal P boryanum after 4 k BP associated
with human impact.

Low level perturbations in pollen, char. influx and
‘coprophagous spores c. 4-3 k BP. Regeneration of
alpine trees and shrubs to 2 k BP. Sharp increase in
grazing incicators after 2 k BP. Juglans after 2 k BP.
Platanus and Morus pollen atter 1k BP.

Clearing of Juniper scrub, charcoal influx and increase
in Juglans, Morus, and Platanus pollen after 2k 8P
Juglans, Morus, and Platanus pollen after c. 1 k BP.
‘Coprophagous spores, grazing weeds also present,
Juglans, Morus, and Platanus pollen atter c. 1 k BP.
Plantago polen also present.

Grazing/ruderal herbs from c. 3 k BP. Juglans, Morus,
and Platanus polen from c. 2 k BP, steadily increasing
grazing polen and charcoal influx.

Grazing-associated pollen, Podospora and
‘Sporommiela-type spores 4~3 k BP. Discontinuation
then increase after 1.5 k BP. Juglans, Morus, and
Platanus after 1k BP

Expansion of alpine steppe vegetation. Increases in
Plantago, Poaceae and Asteraceae interpreted as
‘gazing impact

Possible anthopogenic replacement of Pinus forest
with open landscape after c. 3 k B Increases in
Poaceaea, grazing, and ruderal weeds. Stronger pollen
evidence for grazing after 1 k BP.

Fungal spores and herbs interpreted s grazing related
2.4 k BP onward. Increased indicators after 0.6 k BP
‘Clearing subalpine vegetation, increased pollen and
‘coprophagous spores, coarse sediment and charcoal
influx after c. 3.7 K BP Allindicators steadily increase
after 2k BP.

Low level polien indicators, charcoal, sediment and
‘coprophagous spores c. 2.6 k BP. Cereal pollen,
increased fire activty and grazing indicators at 2.2 k BP
onward

Palynomorph, sediment and charcoal data indicating
opening of forest pocket c. 0.5 k BP onward.

‘Gereal and Plantago polen after c. 4 k B. Juglans and
Morus polin between . 2.6 and 1.2k BP. Coarse
sediments, G/N and OM indicating higher terrestrial
input and anthropogenic overprinting ca. 500 BP to
present

Low levels of grazing weeds, charred grass influx c.
3.7k B Increases in grazing indicators after 1.8 k 8P
Cereal and cannabis-type pollen c.2.5 k B Interpreted
as regional signal rather than local impact,
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