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ABSTRACT 

This study investigates the population history and subsistence of farming communities at the Erdaojingzi 

site (ca. 3700–3330 cal. BP), a well-preserved Bronze Age settlement located in the agro-pastoral 

transition zone of the West Liao River Basin in northern China. We apply a multidisciplinary approach, 

combining ancient DNA, carbon and nitrogen stable isotope analysis, zooarchaeological data and 

archaeobotanical evidence, to evaluate population affinities at the site and to characterise subsistence 

practices in relation to environmental and cultural conditions. Ancient DNA from two individuals shows 

ancestry profiles closely related to farming populations of the Yellow River Basin, rather than to 

previously published Neolithic groups from the western Liao region, indicating strong genetic 

connections with Central Plains related farming communities. Stable isotope results from 43 animal and 

two human bone samples demonstrate that millet and its by-products formed dietary staples for both 

humans and domestic animals. Humans, pigs and dogs primarily relied on C4 plants, whereas cattle and 

sheep consumed mixed diets of C3 and C4 plants. Nitrogen isotope values point to a diet rich in animal 

protein for humans. Combined age at death and isotopic data from pig remains further indicate that young 

pigs constituted an important component of meat consumption. Variation in nitrogen isotope values 

among sheep suggests differences in grazing and foddering regimes, and may also reflect localised soil 

enrichment by dung and other management practices. Taken together, these results provide new insight 

into how farming communities organised their subsistence and how population history and economic 

strategies were intertwined in an agro-pastoral transition zone of prehistoric East Asia. 

 

Keywords: farming communities; subsistence; agro-pastoral transition zone; Erdaojingzi site; ancient 

DNA; stable isotopes 

 

1 INTRODUCTION 

Human migration and environmental adaptation have long been recognized as key drivers in the 

formation and evolution of ancient societies[ 1 ][ 2 ][ 3 ][ 4 ]. When people enter new regions, especially 

ecologically marginal areas, they often need to adjust their subsistence, resource use and social practices 

in relation to local landscapes and established traditions[5][6][7]. This was especially true when agricultural 

populations moved into agro-pastoral transition zones, where they faced important choices about whether 

to maintain their original subsistence systems or to adapt them to local environmental and cultural 

contexts[8][9][10]. These issues have been extensively discussed in ethnography, archaeology, ecology and 

genetics[11][12][13][14][15][16]. 

Gao has recently proposed a simple set of models to describe interaction between incoming and local 

populations in prehistoric Eurasia (Fig. 1)[17]. In reality, many prehistoric cases fall between these simple 

patterns, and cultural change does not have a direct one to one correspondence with genetic replacement 

or admixture. Gao’s framework is therefore best regarded as a heuristic tool, which in this study serves 

as a conceptual starting point for exploring how mobility and interaction may have shaped subsistence 

practices in a specific region. 
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Fig. 1 This flowchart illustrates the interaction between populations with different genetic profiles and 

their corresponding subsistence strategies. Population A, with genetic profile A, practices a type A 

subsistence strategy in its native region, while population B, with genetic profile B, practices a type B 

strategy in its own region. When population A moves into region B, three potential interaction models 

may occur. If population A maintains genetic independence without exchanging genes with population 

B, it follows an independent model. If gene exchange occurs between the two groups, it constitutes a 

mixed model. If population A largely replaces the original population in region B, this can be described 

as a transformation model. These interaction patterns may result in subsistence strategies that continue 

the original practices of population A, maintain the established practices of population B, or give rise to 

a novel type C subsistence strategy that emerges from their interaction.  

 

For the first model, where migration is closely linked to new economic strategies, two well studied 

cases can be cited. In northern China, genomic studies indicate that the transition from early mixed 

hunting and millet cultivation to more intensive agriculture and later to pastoral or agro-pastoral lifeways 

broadly follows changes in ancestry, with increasing contributions from northern farming populations 

and then from Inner Asian steppe related groups[18]. In Europe, the spread of early farming from Anatolia 

involved large scale movement of early farmers into areas previously occupied by hunter gatherers, and 

stable isotope data show a clear shift away from diets dominated by aquatic and wild resources toward 

C3 plants and domestic animals[19][20]. These examples illustrate cases in which substantial genetic influx 

is closely tied to major changes in subsistence. 

For the second model, in which ancestry changes but subsistence remains broadly similar, the Bell 

Beaker phenomenon in Britain is a well known case. Ancient genomes show that individuals associated 

with Beaker material culture in Britain experienced almost complete replacement of local Late Neolithic 

farmer ancestry by ancestry related to continental groups, pointing to major demographic change[21]. 

However, isotopic and archaeological evidence suggests that communities continued to practise mixed 
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farming based on C3 crops and domestic herbivores, without adopting a pastoral economy similar to that 

of steppe herders despite strong genetic links with populations from the European grasslands[22]. In such 

cases, large scale migration does not immediately produce a fundamentally new subsistence system. 

The third model is represented by situations in which local genetic continuity is accompanied by 

substantial innovation in subsistence practices. On the eastern Eurasian steppe, Late Bronze Age 

communities in northern Mongolia retained predominantly local hunter gatherer related ancestry with 

only limited input from western steppe groups, yet proteomic evidence from dental calculus demonstrates 

intensive consumption of milk from cattle, sheep and goats[23]. This combination of local ancestry and 

newly adopted dairy pastoralism indicates that key elements of a pastoral economy could spread mainly 

through cultural transmission and small scale contacts rather than through large scale population 

replacement. These contrasting examples underline that migration, admixture and cultural transmission 

can be separated from subsistence change, and that each regional case needs to be evaluated with 

combined archaeological, isotopic and genomic data. 

During the transition from the Late Neolithic to the Bronze Age, population mobility across Eurasia 

increased significantly due to expanding interregional contacts and climate deterioration, especially the 

4.2 ka BP aridification event[24]. This period witnessed the emergence and expansion of mixed economies 

in grassland and forest steppe zones, where agriculture and pastoralism became increasingly integrated[25]. 

Archaeological research indicates that, in response to climatic and social pressures, farming communities 

in the Central Plains established and intensified connections with regions to the north and north east. 

Archaeological and genetic evidence from northern China suggests that groups carrying ancestry 

associated with Central Plains related farming populations may have moved into agro-pastoral zones, 

bringing drought tolerant crops and elements of farming based subsistence that were incorporated into 

local mixed economies[26][27][28][29]. Rather than representing a simple replacement of local lifeways, these 

processes contributed to the formation of agro-pastoral zones and increasingly complex regional 

economic systems. 

The Erdaojingzi site, located in the steppe region of the West Liao River Basin, presents a compelling 

case study for exploring these transformations. Archaeological findings reveal significant cultural shifts 

at the site, including the appearance of bronze tools, strong defensive architecture and the replacement 

of traditional cylindrical pottery jars, tongxing guan 筒形罐, with new forms such as pottery li 鬲, 

which show close stylistic links to ceramics from the Yellow River Basin[30]. The site also yields ritual 

vessels closely resembling those from Erlitou related contexts in the Yellow River Basin, such as jue 爵 

and hu 壶, as well as turquoise inlaid artifacts and lacquered wooden items that suggest shared or closely 

connected ritual practices and ideology across regions[31][32][33][34][35][36]. In addition, divination bone 

production techniques that combine drilling and burning in the Lower Xi 

ajiadian culture are consistent with divination bone traditions of pre Shang cultures in the Central 

Plains, and may even be slightly earlier in date[37], further suggesting close connections between these 

regions in ritual practice and knowledge. 

Zooarchaeological and archaeobotanical data further reflect substantial changes from the Neolithic to 

the Bronze Age, marked by a notable increase in domesticated pigs, dogs, cattle and sheep, alongside a 

decline in wild game such as deer, and by the widespread cultivation of millets and other 

crops[38][39][40][41][42]. These shifts point to more intensive and diversified animal exploitation and to well 

developed crop farming, and they raise key questions about the driving mechanisms behind these 

transformations, including the relative roles of technological diffusion, cultural exchange and population 

movement. 
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In summary, archaeological and zooarchaeological evidence points to significant economic and 

cultural transformation during the Lower Xiajiadian period in the West Liao River Basin[43]. However, 

the precise demographic background of these changes and the organisation of local subsistence systems 

remain unresolved. In this study, we address three specific questions. First, how are the Erdaojingzi 

individuals related, in genetic terms, to previously published populations from the West Liao region, the 

Yellow River Basin and neighbouring areas. Second, what do stable carbon and nitrogen isotope values 

from human and animal remains reveal about the relative importance of C3 and C4 resources, the balance 

between plant and animal protein and the management of different domestic species. Third, how can 

these genetic and isotopic lines of evidence, together with existing zooarchaeological and 

archaeobotanical data, be combined to assess how farming communities organised their subsistence and 

how population history and economic strategies were intertwined in an agro-pastoral transition zone of 

northern China. By integrating these approaches, this study aims to contribute to understanding of 

resilience, innovation and human environment interaction in Bronze Age Northeast Asia. 

 

2 MATERIALS 

2.1 Archaeological background of the Erdaojingzi site 

The Erdaojingzi site is located on a northern slope near the Erdaojingzi Administrative Village in 

Hongshan District, Chifeng City (Fig. 2a). It is considered one of the best preserved Bronze Age sites 

in China and is often referred to as the “Pompeii of the East” because of its large size, excellent 

preservation and substantial architectural remains[44] (Fig. 2b). The settlement lies among low hills and 

occupies a gentle east to west slope. In 2009, the Inner Mongolia Institute of Cultural Relics and 

Archaeology carried out large scale excavations as part of an infrastructure development project. 

 

Fig. 2 Geographic Location and Excavation of the Erdaojingzi Site. a: Geographic location of 

Erdaojingzi site. Base map derived from the Standard Map of the Ministry of Natural Resources of the 

People’s Republic of China (Map Approval No. GS(2016)1667). Generated using ArcGIS 10.8 (ESRI, 

https://www.esri.com/). Archaeological site locations were added by the authors. b: Aerial photograph 

of the whole site of Erdaojingzi site. c: Panoramic view of the excavation area. d: Section of city wall 

and trench. 

The excavation covered an area of 5,200 square metres, while the entire site measures approximately 

190 by 140 metres, with an estimated area of 27,000 square metres (Fig. 2c). Archaeologists identified 

305 features, including city walls, moats, courtyards, houses, roads, storage pits and graves (Fig. 2d). 

Charred remains of broomcorn millet, foxtail millet and other cereal crops were recovered from storage 
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pits together with woven grass objects, pointing to a predominantly agricultural economy[45]. More than 

one thousand artefacts made from pottery, stone, bone and bronze were also excavated. On the basis of 

pottery forms and agricultural tools, previous research has argued that Erdaojingzi shows close cultural 

links with the Dashanqian site, which has been interpreted as representing farming communities with 

strong connections to the Yellow River Basin[46][47]. Erdaojingzi is generally regarded as a 

representative settlement of the Lower Xiajiadian Culture and is recognised as one of the largest and 

best preserved Bronze Age sites so far identified in China. It has played an important role in 

discussions of the development of complex societies in northern China and their interactions with 

Central Plains traditions[48]. 

In the West Liao River region, many previously known large slope type settlements of the Lower 

Xiajiadian Culture have been disturbed or truncated by later remains of the Upper Xiajiadian Culture, 

whereas Erdaojingzi shows no such overlying occupation. Archaeological findings further indicate that 

painted pottery deposited in graves served similar functions to ritual vessels in the Central Plains. The 

decorative motifs on this painted pottery closely resemble those on bronze vessels of the Xia and Shang 

periods in the Central Plains. These observations suggest significant cultural connections between the 

Lower Xiajiadian Culture and contemporary Central Plains cultures, distinguishing Erdaojingzi from 

other major archaeological cultures of northeastern China. Two human bone samples from the site were 

selected for collagen analysis, radiocarbon dating and stable isotope analysis (Table 1). Calibrated 

using the Beta Cal4.20: HPD method and the INTCAL20 curve, the radiocarbon dates indicate that 

Erdaojingzi was occupied between approximately 3700 and 3330 calibrated years before present. 

 

Table 1 Radiocarbon date and C, N stable isotope results of two human bone samples from the 

Erdaojingzi site. 

Lab number Collagen species Calibrated date 

 

C (%)  

 

N (%) 
C/N 

δ13C 

(‰) 

δ15N 

(‰) 

Beta-691987 human 3360±30 40.4 15.2 3.1 －5.9 10.0 

Beta-691988 human 3400±30 42.0 15.6 3.1 －6.7 9.5 

 

2.2. Zooarchaeological analysis 

A total of 1,189 mammal bone fragments were recovered from the Erdaojingzi site. Of these, 11 

intrusive human bones were excluded from the faunal analysis, leaving 1,178 mammal specimens (NISP) 

for zooarchaeological study (Table 2). All remains were cleaned, sorted and examined following standard 

zooarchaeological procedures. Taxonomic identification, skeletal element, side, fusion state and surface 

preservation were recorded for each specimen. Identifications were made using published osteological 

manuals and modern comparative collections housed at Jilin University and collaborating institutions. In 

this study we focus on mammalian remains, as bird and fish bones are rare in the assemblage and are not 

suitable for quantitative analysis. 

Table 2 Quantitative statistics of mammal bones from the Erdaojingzi site. 

Species NISP NISP% MNI MNI% 

Pig (Sus domesticus) 588 49.9 65 61.3 

Dog (Canis lupus familiaris) 78 6.6 11 10.4 

Sheep (Ovis sp.) 169 14.4 10 9.4 

Cattle (Bos taurus) 275 23.3 8 7.6 
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Horse (Equus sp.) 1 0.1 1 0.9 

Red deer (Cervus canadensis) 11 0.9 1 0.9 

Roe deer (Capreolus pygargus) 18 1.5 2 1.9 

Raccoon dog (Nyctereutes procyonoides) 3 0.3 1 0.9 

Fox (Vulpes vulpes) 1 0.1 1 0.9 

Rodents (Myomorpha) 3 0.3 1 0.9 

Hare (Lepus sp.) 8 0.7 3 2.8 

Human (Homo) 23 2.0 2 1.9 

Total 1178 100.0 106 100.0 

 

We created a stacked bar chart (Fig. 3) based on the quantitative data in Table 2 in order to visualise 

the relative proportions of the major taxa. Pigs are by far the most abundant species, accounting for 

about half of the identified mammal specimens by NISP. Dogs and sheep are also well represented, 

with MNI percentages of 10.4% and 9.4%, respectively. Cattle are present in smaller numbers but still 

make a clear contribution to the domestic assemblage. Wild mammals, including red deer, roe deer and 

hares, occur at much lower frequencies. Overall, pigs are the most prominent species and domestic 

animals dominate the faunal assemblage, while hunting of wild game appears to have played a 

secondary role (Table 2; Fig. 3). 

 

Fig. 3 Stacked bar chart showing the relative proportions of major mammal taxa at the Erdaojingzi site, 

based on NISP values in Table 2. 

In addition to food remains, a significant quantity of bone artefacts was discovered at Erdaojingzi. 

These include awls, needles, spatulas and other tools, as well as a large spade made from the scapula of 

a cow (Fig. 4). The frequent use of cattle bones to manufacture agricultural implements, together with 
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the dominance of domestic mammals in the faunal assemblage and the abundant remains of millet 

crops, provides further evidence for a well developed farming economy at the site. 

 

Fig. 4 Five views of a bone spade made from a cow scapula (09CWE F2:5). 

 

2.3 Archaeobotanical analysis 

Archaeobotanical evidence shows that crop seeds dominate the plant remains from Erdaojingzi. 

Systematic flotation of soil samples from houses, storage pits and other features recovered abundant 

carbonised grains of foxtail millet (Setaria italica) and broomcorn millet (Panicum miliaceum), which 

together account for the great majority of identified plant remains. Smaller quantities of other 

cultivated plants and weed seeds are also present. The absolute counts and ubiquity of the main crops 

are summarised in Table 3[49]. 

Table 3 Absolute counts and ubiquity of crop remains from the Erdaojingzi site. 

Species Absolute Quantity Absolute Quantity 

Ratio (%) 

Ubiquity 

Foxtail millet (Setaria 

italica) 

181685 81.4 100 

Broomcorn millet 

(Panicum miliaceum) 

41266 18.5 92.2 

Soybean (Glycine 

max) 

179 0.1 24.7 

Total 223133 100 100 

Wild plant remains occur in much lower numbers and were probably used as supplementary 

resources rather than forming a major part of the diet. Taken together with the faunal data, the 

archaeobotanical results indicate that Erdaojingzi was a permanently occupied settlement with a millet 

based farming economy and diversified animal exploitation. These lines of evidence provide essential 

context for the ancient DNA and stable isotope analyses presented below and for assessing the relative 
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importance of C3 and C4 plant resources in human and animal diets at the site. 

2.4 Ancient DNA and Isotopic background 

Ancient DNA refers to genetic material preserved in archaeological or palaeontological remains, 

usually at low quantity and with extensive fragmentation and chemical damage. Since the late twentieth 

century, the development of clean laboratory protocols, high throughput sequencing and in solution 

enrichment techniques has made it possible to obtain genome scale data from human and animal bones 

and teeth in many different environments[50][51][52]. Such studies can reveal biological affinities between 

individuals and groups, reconstruct population history and admixture, and identify kinship relationships 

within sites or cemeteries[53]. When combined with archaeological context, ancient DNA provides a 

direct way to investigate whether cultural and economic changes are associated with the arrival of 

people carrying different ancestry, or whether they took place mainly among long established local 

communities. 

Stable carbon and nitrogen isotope analysis of bone collagen has become a standard method for 

reconstructing human and animal diets in archaeological contexts[54][55][56][57]. In temperate regions, 

carbon isotope values primarily distinguish between C3 plants and C4 plants such as millets, and 

between marine and terrestrial food sources. Nitrogen isotope values mainly reflect trophic level, with 

consumers generally enriched in nitrogen fifteen relative to their diet. However, a growing body of 

work has emphasised that isotopic signatures are influenced not only by simple trophic position but 

also by ecological and physiological factors, including aridity, soil and manure management, plant 

functional type, nursing and weaning, nutritional stress and disease[58][59][60]. Careful interpretation 

therefore requires integration of isotopic results with environmental data and independent 

archaeological evidence for plant use, animal management and mobility. 

At the Erdaojingzi site, previous zooarchaeological and archaeobotanical studies have already 

indicated a mixed economic system in which pigs, dogs, cattle and sheep were exploited alongside wild 

animals, and drought tolerant crops such as millets and other domesticated plants formed an important 

component of the subsistence base. Within this context, ancient DNA and stable isotope analyses 

provide complementary perspectives. Ancient DNA from human remains can clarify whether 

individuals at Erdaojingzi mainly represent local population continuity or whether they include 

substantial ancestry associated with Central Plains related farming populations. Stable carbon and 

nitrogen isotope data from humans and animals can document the relative importance of C3 and C4 

resources, the balance between plant and animal protein, and differences in feeding and management 

strategies among domestic species. By outlining these wider methodological and ecological 

considerations, this section provides the background for interpreting the genetic and isotopic results 

from Erdaojingzi, and for linking patterns of population history to variation in subsistence practices in 

an agro-pastoral transition zone. 

3 METHODS 

3.1 Ancient DNA analysis 

3.1.1 Sample collection 

The Erdaojingzi site was excavated as a rescue project ahead of construction. Because of time and 

space constraints, most human skeletons received only basic osteological recording in the field and were 

then reburied in situ. Only a small number of bones were collected and transferred to the repository of 

the Bioarchaeology Laboratory at Jilin University. When the present study was undertaken, well-

preserved human remains from the site were therefore very scarce. We limited ancient DNA sampling to 
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two individuals with clear archaeological context and relatively good preservation. Sampling permissions 

were obtained from the relevant cultural heritage authorities and from Jilin University and Fudan 

University. 

3.1.2 Ancient DNA extraction and library preparation 

We extracted DNA from two samples in a dedicated aDNA facility at Fudan University, following 

established precautions for working with ancient human DNA[61][62]. Human remains were surface-

cleaned and ground to a fine powder. We used 50 mg of bone powder to extract DNA[63]. The lysis step 

included the addition of 1 ml extraction buffer to each 50 mg sample, containing 0.45 M EDTA (PH 8.0), 

0.25 mg/ml Proteinase K (Merck, Germany), 0.05% (vol/vol) Tween-20 (Sigma Aldrich, Germany). 

After suspending the sample powder by vortexing, the sample was incubated overnight (15–24 h) at 

37 °C. After centrifugation, we transferred the lysate supernatant to a fresh tube. We mixed 17.5 μl 

magnetic beads (G-Biosciences, USA) with 2.5 ml binding buffer containing 5 M GuHCl, 40% (vol/vol) 

Isopropanol, 0.12 M sodium acetate, 0.05% (vol/vol) Tween-20 (Sigma Aldrich, Germany). Then, we 

transferred the supernatant (500μl) to a binding buffer/bead mixture, followed by an extraction using a 

robot (Enlighten Biotech, China) procedure. Finally, the DNA was eluted with 50 μl TET buffer 

(QIAGEN, Germany). We prepared initial double-stranded and double-indexing libraries following 

Meyer’s protocols[ 64 ] but with minor modifications[ 65 ][ 66 ] outlined below. The end-repair step was 

performed in 25 μl reactions using 20 μl DNA extract. This was incubated for 20 mins at 12°C and 15 

mins at 37°C, purified using a standard MinElute (Qiagen, Germany) purification step, and eluted in 15 

μl TET (Qiagen, Germany). Next, Illumina-specific adapters were ligated to the end-repaired DNA in 25 

μl reactions. The reaction was incubated for 15 mins at 20°C and purified with another MinElute 

purification step before being eluted in 20 μl EB Buffer (Qiagen, Germany). The adapter fill-in reaction 

was performed in a final volume of 25 μl and incubated for 20 mins at 37°C followed by 20 mins at 80°C 

to inactivate the Bst enzyme (NEB, USA). Libraries were amplified with indexing primers using Q5 

High-Fidelity DNA Polymerase (NEB, USA). We purified indexed products using the MinElute PCR 

Purification Kit (Qiagen, Germany). We qualified the clean-up libraries using Qubit 2.0 (Thermo Fisher, 

USA). Finally, the shotgun libraries were converted into circular single-strand libraries adapted to the 

DNBSEQ-T7 instrument using 2×100-bp chemistry at the Geneplus Company, China[67][68]. 

3.1.3 Nuclear SNPs capture and sequencing 

The double-stranded shotgun libraries with lower endogenous DNA content were enriched using the 

Twist Ancient DNA panel, following the protocol developed by David Reich’s lab (short for twist 

1240K)[69]. The sequencing of the double-stranded library was performed using the Illumina Nova6000 

platform at the Mingma Technologies Company, China, in the 150-bp paired-end sequencing design.  

3.1.4 Sequence data processing 

Adapter Removal v2.3.1[70] was utilized to trim sequencing adapters and merge paired-end reads into 

a single sequence, retaining only those reads with at least 11 bp of overlap. BWA v0.7.17[71] with 

parameters -l 1024 and -n 0.01 was employed to align the merged reads to the human reference genome 

(hs37d5; GRCh37 inclusive of decoy sequences). Deduplication of PCR sequences was accomplished 

using Dedup v0.12.3[72]. 

Based on mapDamage evaluation, trimBam from BamUtil v1.0.14 

(https://github.com/statgen/bamUtil) was used to clip a corresponding number of bases from both ends 

of the sequences, in order to avoid excessive C>T and G>A transitions at the sequence termini. 

Subsequently, the parameters of samtools mpileup were configured to -q30 and -Q30 for quality 

filtering and comparison. Ultimately, the 1240k dataset served as a reference, and pseudohaploid calls 
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for two samples were generated using RandomHaploid in the pileupCaller software 

(https://github.com/stschiff/sequenceTools). 

3.1.5 Authentication of ancient DNA 

We analyzed the deamination patterns, specifically 5′C>T and 3′G>A misincorporations, of ancient 

DNA employing two methods: mapDamage and pmdtools software, respectively. Subsequently, we 

estimated contamination rates for all male samples utilizing ANGSD, and mtDNA contamination rates 

were assessed using schmutzi v1.5.5.5[73]. 

3.1.6 Genetic sexing and uniparental haplogroup assignment 

We determined genetic sex from the relative coverage of reads mapping to the X and Y 

chromosomes compared with the autosomes, following published methods for ancient DNA[74]. 

Mitochondrial haplogroups were assigned from the consensus mtDNA sequences using HaploGrep2 

with PhyloTree build 17 as reference[75]. Y-chromosome haplogroups were inferred with Yleaf v2, and 

assignments were checked by visual inspection of informative SNPs in IGV. 

3.1.7 Data merging 

We utilized the mergeit tool within the EIGENSOFT software package[76] to compare our data of two 

samples with two previously published datasets[77][78][79]. Specifically, the “Human Origins” dataset 

comprises 597,573 SNPs spanning a diverse array of modern populations and is employed for smartpca 

and ADMIXTURE analyses. Additionally, the “1240k” dataset, containing 1,233,013 SNPs across 

numerous representative modern and ancient populations, is suitable for analyses based on f-statistics. 

3.1.8 Principal components analysis (PCA) 

We conducted Principal Component Analysis (PCA) on the Human Origins dataset utilizing the 

smartpca program, version 16000, within the EIGENSOFT software package. The default parameters 

were employed, with the 'lsqproject' option set to 'yes', as recommended by Patterson et al. Principal 

components (PCs) were calculated based on modern populations, and ancient samples were 

subsequently projected onto the resultant first two principal components. A total of 470,607 Single 

Nucleotide Polymorphisms (SNPs) were utilized in the computation of the principal components. 

3.1.9 ADMIXTURE analysis 

Chain imbalances were initially pruned using the indep-pairwise parameter, as recommended by 

Peter[80] and Lawson et al[81], in PLINK v1.90[82]. Subsequently, an unsupervised confounding analysis 

was conducted using ADMIXTURE v1.3.0[83] on a dataset of 220,388 SNPs. The analysis employed a 

five-fold cross-validation approach with 100 bootstrap replicates, and the ancestral population (K) was 

varied from 2 to 7 in order to perform unsupervised confounding analyses. 

3.1.10 f‐statistics 

To ascertain which populations shared greater genetic drift with the target samples, we utilized 

qp3Pop v651 to compute the outgroup-f3 statistic, with the inbreeding parameter set to YES. 

Additionally, we employed qpDstat v980 to calculate the f4 statistic using the f4-mode parameter, 

enabling a further investigation into the ancestral flow of the target samples[84]. Both analyses were 

conducted within the ADMIXTOOLS software package. 

3.1.11 Admixture modeling 

To estimate the ancestral proportions of individuals from various source populations, we employed 

the qpAdm v810 tool within the ADMIXTOOLS framework. During the analysis, we configured the 

parameters with allsnps: YES and inbreeding: YES to ensure comprehensive utilization of genetic data 

and consideration of potential inbreeding effects. 

3.2 Stable isotope analysis 
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3.2.1 Sample selection 

Stable carbon and nitrogen isotope analysis of bone collagen was used to reconstruct the diets of 

humans and animals at Erdaojingzi. In order to reduce intra skeletal variation, we preferentially 

selected the same long bone element within each taxon, mainly humeri with good cortical preservation 

that had already been recorded in the zooarchaeological study. 

In total, 43 animal bone samples were analysed, including pigs (n = 15), sheep (n = 17), dogs (n = 5), 

hares (n = 3), roe deer (n = 2) and cattle (n = 1). Two human bone samples were analysed separately 

and are reported together with radiocarbon dates in Table 1. It should be noted that the δ¹³C and δ¹⁵N 

values of the human remains were obtained from Beta Analytic as part of the radiocarbon dating 

procedure, whereas the faunal isotope data were generated at the stable isotope laboratory of the 

Chinese Academy of Agricultural Sciences (CAAS). As a result, direct comparison between the two 

datasets may involve minor inter-laboratory offsets. Details of the animal specimens, collagen quality 

indicators and isotope results are listed in Table 4, and the distributions of δ13C and δ15N values are 

illustrated in Fig. 8 and Fig. 9. 

Table 4 Results of stable isotope tests on animal skeletons at the Erdaojingzi site. 

Lab ID. Context Species Element C (%) N (%) C/N 
δ13C 

(‰) 

δ15N 

(‰) 

ED1 09CWEF2s：25 Pig humerus 47.3  16.6  3.3  -6.5 9.2 

ED2 09CWEF9：3 Pig humerus 47.1  16.9  3.3  -6.8 10.0 

ED3 09CWEF14：11 Pig humerus 46.1  16.5  3.3  -7.3 8.1 

ED4 09CWEF8s：40 Pig humerus 44.2  15.5  3.3  -7.2 10.6 

ED5 09CWEF8s：88 Pig humerus 42.0  15.0  3.3  -6.8 7.7 

ED6 09CWEF22：6 Pig humerus 47.0  16.5  3.3  -5.9 8.0 

ED7 09CWEF21s：4 Sheep humerus 47.6  17.0  3.3  -15.3 5.6 

ED8 09CWEF22：7 Pig humerus 47.7  17.2  3.2  -9.3 9.6 

ED9 09CWEF2f：2 Pig humerus 46.7  16.8  3.2  -7.1 7.6 

ED10 09CWEF102：25 Pig humerus 48.0  16.9  3.3  -7.2 8.5 

ED11 09CWEF81s：3 Pig humerus 49.5  17.8  3.2  -6.6 8.4 

ED12 09CWEF15s：1 Pig humerus 47.8  17.2  3.2  -7.1 9.0 

ED13 09CWEF14：20 Pig humerus 49.0  17.5  3.3  -7.4 8.5 
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Lab ID. Context Species Element C (%) N (%) C/N 
δ13C 

(‰) 

δ15N 

(‰) 

ED14 09CWEF54：1 Pig humerus 49.1  17.7  3.2  -7.1 8.1 

ED15 09CWEF69：9 Pig humerus 45.6  16.6  3.2  -6.7 7.6 

ED16 09CWEF8s：18 Pig humerus 47.8  16.9  3.3  -7.5 7.3 

ED17 09CWEF54s：15 Sheep metacarpal 43.0  15.5  3.2  -14.6 6.6 

ED18 09CWEF14：3 Sheep metacarpal 47.2  17.1  3.2  -16.3 6.0 

ED19 09CWEF11：1 Sheep metacarpal 46.0  16.6  3.2  -16.5 6.0 

ED20 09CWEF54D：7 Sheep metacarpal 47.0  16.8  3.3  -16.3 6.6 

ED21 09CWEF69：5 Sheep metacarpal 47.5  17.4  3.2  -15.7 7.4 

ED22 09CWEF60:3 Sheep metacarpal 46.5  17.0  3.2  -14.7 7.4 

ED23 
09CWEF20Q：

12 

Sheep metacarpal 44.0  15.8  3.3  -17.3 6.8 

ED24 
09CWEF20Q：

10 

Sheep metacarpal 46.7  16.4  3.3  -13.3 7.3 

ED25 09CWEF15s：5 Sheep metacarpal 47.9  17.4  3.2  -14.6 5.3 

ED26 09CWEF2B：1 Sheep metacarpal 45.2  15.9  3.3  -15.5 7.5 

ED27 09CWEF15①：1 Sheep metacarpal 49.2  17.6  3.3  -16.9 6.5 

ED28 09CWEF20s：9 Sheep metacarpal 47.5  17.1  3.2  -16.6 8.9 

ED29 09CWEF63s：10 Sheep metacarpal 47.1  17.0  3.2  -17.8 7.1 

ED30 09CWEF8s：97 Sheep metacarpal 45.7  15.9  3.3  -16.2 8.6 

ED31 09CWEF75s：2 Sheep metacarpal 47.5  17.0  3.3  -13.4 10.5 

ED32 09CWEF3：4 Sheep metacarpal 48.4  17.1  3.3  -14.1 7.6 

ED33 09CWEF53：10 Dog humerus 47.6  16.8  3.3  -7.6 8.4 
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Lab ID. Context Species Element C (%) N (%) C/N 
δ13C 

(‰) 

δ15N 

(‰) 

ED34 09CWEF9s：6 Dog humerus 49.2  17.2  3.3  -8.4 8.6 

ED35 09CWET1310:1 Dog humerus 48.2  17.5  3.2  -7.4 7.2 

ED36 09CWEH71：5 Dog humerus 41.4  14.5  3.3  -6.6 8.9 

ED37 09CWEF54D：8 Dog humerus 47.8  16.9  3.3  -6.9 9.0 

ED38 09CWEF2：1 Roe deer tibia 47.9  16.9  3.3  -17.9 6.1 

ED39 
09CWEF111SF：

1 

Roe deer tibia 44.1  15.6  3.3  -17.4 6.3 

ED40 09CWEF54s：44 Hare femur 48.0  17.2  3.3  -18.0 5.0 

ED41 09CWEF1s：7 Hare femur 44.1  16.2  3.2  -20.0 7.4 

ED42 09CWEF54s：32 Hare femur 46.4  16.3  3.3  -19.7 5.1 

ED43 09CWEF26s：5 Cattle tibia 44.5  15.7  3.3  -16.7 6.9 

 

3.2.2 Preparation and testing of collagen 

The preparation of animal bone collagen from Erdaojingzi followed the protocol of Jay and 

Richards[85]. Bone surfaces were mechanically cleaned and abraded to remove adhering soil and 

potential contaminants. Approximately 2–3 g of compact cortical bone from each specimen were 

removed with a drill and placed in 50 ml beakers. Samples were decalcified in 30 ml of 0.5 M HCl at 

4°C, with the acid solution replaced every two days until the bone became soft and no visible 

effervescence was observed. Decalcified samples were then rinsed repeatedly with deionised water 

until neutrality, soaked in 0.125 M NaOH at 4°C for 20 hours to remove humic acids, and again washed 

with deionised water to neutrality. The residue was subsequently gelatinised in 0.001 M HCl at 70°C 

for 48 hours. The hot solution was filtered to remove insoluble particles, and the filtrate containing 

soluble collagen was frozen and lyophilised for 48 hours to obtain purified collagen. 

Carbon and nitrogen stable isotope analyses were carried out at the Testing Center of the Institute of 

Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences 

(CAAS), Beijing. Aliquots of freeze-dried collagen were weighed into tin capsules and analysed for C 

and N elemental composition and isotopic ratios using an Elementar Vario–Isoprime 100 continuous-

flow isotope ratio mass spectrometer (Isoprime 100 IRMS coupled to an Elementar Vario elemental 

analyser). Sulfanilamide was used as the reference material for C and N elemental calibration. Carbon 

isotope ratios (δ¹³C) were calibrated against USGS24 CO₂ reference gas on the VPDB scale, and 

nitrogen isotope ratios (δ¹⁵N) were calibrated against IAEA-N-1 N₂ reference gas on the AIR scale. A 

laboratory collagen standard (δ¹³C = −14.7 ± 0.2‰; δ¹⁵N = 6.9 ± 0.2‰) was run after every ten 

unknowns to monitor analytical precision. The analytical reproducibility was better than ±0.2‰ for 
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both δ¹³C and δ¹⁵N. Isotopic values and collagen quality indicators are summarised in Table 4. 

4 RESULTS 

4.1 Ancient DNA analysis results 

In this study, we generated genome-wide data from two ancient individuals from the Erdaojingzi site 

using a hybridisation capture approach to enrich endogenous DNA, followed by sequencing on an 

Illumina NovaSeq platform. Both individuals show characteristic patterns of post-mortem damage, 

confirming the authenticity of the ancient DNA. Estimates of contamination indicate no detectable 

autosomal contamination and mitochondrial DNA (mtDNA) contamination levels below 2%. Genetic 

sex determination shows that both individuals are male. 

Haplogroup assignments based on Yleaf and inspection in IGV indicate that individual J30603 belongs 

to Y-chromosome haplogroup O2a1b1a1a1a1e1-Y15980/etc*, which is today frequent in eastern and 

northern China, whereas J12213 belongs to N1a3~-F1228, a lineage commonly observed among Han 

Chinese and other northern East Asian populations. Haplogrep2 assigns mtDNA haplogroups D4a1e to 

J30603 and D4a3 to J12213, both falling within northern East Asian clades. 

Trimmed sequencing reads were mapped to the human reference genome (hs37d5; GRCh37), and 

pseudohaploid genotypes were called on two commonly used single nucleotide polymorphism (SNP) 

panels: the Affymetrix “Human Origins” (HO) array and the Illumina “1240k” panel[86][87]. Coverage on 

the 1240k panel is relatively high, with 562,025 sites covered in J30603 and 104,558 in J12213. These 

data were merged with previously published ancient and present-day genome-wide datasets for 

comparative analyses. 

4.1.1 Overall genomic structure and affinities to Yellow River–related populations 

Principal component analysis (PCA) using a reference panel of present-day East Asians provides an 

overview of the genetic affinities of the Erdaojingzi individuals. When projected onto the first two 

principal components, J30603 and J12213 fall among populations from the Yellow River Basin, 

especially those dating to the middle and late Neolithic periods (YR_MN, YR_LN and YR_LBIA). 

Along PC1, J30603 is slightly shifted towards present-day Northeast Asian populations relative to 

J12213. Both individuals plot close to previously published WLR_LN individuals from Erdaojingzi but 

show a small displacement towards Yellow River Basin groups (Fig. 5). 

Consistent with these observations, outgroup-f₃ statistics indicate that both J30603 and J12213 share 

substantial genetic drift with WLR_LN, followed by populations from the Yellow River Basin (Fig. 5; 

Fig. S2). 
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Fig. 5 Principal component analysis (PCA) of East Asian populations. Present-day individuals are 

shown as semi-transparent points; ancient individuals, including the two Erdaojingzi males, are 

projected onto the first two principal components. 

In unsupervised ADMIXTURE analyses, the ancestry components of J30603 and J12213 closely 

resemble those of YR_LN and WLR_LN (Fig. S3). Their profiles are dominated by a component (shown 

in red) that reaches its highest frequency in Tibetan populations, together with a smaller component 

(violet) typical of southern East Asian groups. Individual J12213 also carries a trace amount of a 

component (yellow) most frequent in Yakutians. This subtle signal motivates further formal tests to 

evaluate whether additional gene flow from northern Northeast Asia is required by the data. 

4.1.2 Genome-wide analyses and the extent of expansion of Yellow River–related populations during 

the Yangshao–Longshan period 

To further investigate the ancestral composition of the Erdaojingzi individuals, we combined insights 

from PCA and ADMIXTURE with a series of f₄-statistics. We first examined tests of the form f₄(ANA, 

Mbuti; J30603, YR) and f₄(DevilsCave_N, Mbuti; J12213, YR_MN/YR_LBIA) (Fig. 6). For J30603, 

f₄(ANA, Mbuti; J30603, YR) yields Z-scores that are not significantly different from zero, indicating no 

strong evidence that J30603 shares more alleles with ANA-related groups than with Yellow River farmers 

under the tested models. In contrast, f₄(DevilsCave_N, Mbuti; J12213, YR_MN/YR_LBIA) produces 

significantly positive Z-values (> 3), suggesting that J12213 may share some additional affinity with 

DevilsCave_N-like ancestry relative to YR_MN/YR_LBIA. 

To situate Erdaojingzi in a broader regional context, we next calculated f₄(Mbuti, reference; 

Erdaojingzi, X), where “reference” represents 45 ancient Eurasian populations and “X” includes WLR- 

and YR-related groups of similar age. The WLR-related populations comprise WLR_LN (from 

Erdaojingzi), WLR_BA (from Longtoushan) and WLR_BA_o2 (from Majiazishan), whereas the YR-

related populations include Jinchankou, Lajia, Shengedaliang, Yangshaocun, Wadian, Haojiatai, 

Pingliangtai and Sanlihe. These tests show that the Erdaojingzi individuals share the highest affinity with 
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WLR_LN. A significantly positive f₄(Mbuti, AR_EN; Erdaojingzi, WLR_BA) with Z = 2.78 indicates 

that WLR_BA has additional ANA-related ancestry compared to Erdaojingzi. Similarly, significantly 

positive f₄(Mbuti, Taiwan_Hanben; Erdaojingzi, Haojiatai/Sanlihe) values (Z > 2.41) suggest that 

Haojiatai and Sanlihe harbour more southern East Asian–related ancestry than Erdaojingzi. 

Fig. 6 f₄-statistics used to test for additional ancestry components in the Erdaojingzi individuals. Values 

of |Z| ≥ 3 are shown in dark red or dark blue, and 2 ≤ |Z| < 3 in light red or light blue. (a) Results of 

f₄(ANA, Mbuti; J12213, Yellow River Basin groups). (b) Results of f₄(ANA, Mbuti; J30603, Yellow 

River Basin groups). (c) Results of f₄(Mbuti, reference; Erdaojingzi, X) illustrating the close genetic 

similarity between the Erdaojingzi individuals and Late Neolithic West Liao River populations. 

We then used qpAdm to model the ancestry of East Asian populations dating to 4.0–3.5 ka BP (Fig. 

7). Based on their admixture profiles, the tested groups can be divided into three broad categories. Group 

1 comprises J30603, J12213, WLR_LN, WLR_BA_o2, Yangshaocun_Yangshao and Wadian_WT5M2. 

Under the tested set of sources and outgroups, these groups can be modelled as deriving their ancestry 

entirely from YR_MN, a middle Neolithic farming population from the central Yellow River Basin. 

Because previous analyses hinted at a possible ANA signal in J12213, we explicitly included ANA-

related sources in the qpAdm outgroup set. In this framework, the single-source model with YR_MN 

provides an acceptable fit for J12213 (p > 0.05), whereas a two-source model with YR_MN and 

DevilsCave_N does not yield a valid solution (the coefficient for DevilsCave_N is smaller than its 

standard error). These results indicate that additional ANA-related ancestry is not required by our current 

data for J12213, although small contributions cannot be excluded given the limited coverage. 

Group 2 includes WLR_BA, Jinchankou, Lajia, Shengedaliang and Yangshaocun_Longshan. These 

populations can be modelled as having 66.1–85.2% ancestry from YR_MN, with the remaining 

proportion attributed to ANA-related ancestry represented by DevilsCave_N. Group 3 consists of 

Wadian_WT1H16, Haojiatai, Pingliangtai and Sanlihe, which can be modelled as having 78–89.9% 

Yellow River–related ancestry and the remainder from southern East Asia, represented by Amis. 

Overall, these results highlight substantial variation in the balance between Yellow River–related, 

ANA-related and southern East Asian–related ancestry components among Neolithic and early Bronze 

Age populations in the Yellow River and West Liao River basins during the Yangshao–Longshan period. 
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Fig. 7 Admixture compositions of Erdaojingzi populations and other reference groups via qpAdm. Error 

bars represent one standard deviation. A P‐value larger than 0.05 indicating that there is not enough 

evidence to reject the null hypothesis. 

4.2 Stable isotope results 

4.2.1 Collagen preservation and quality control 

Because of molecular alteration during burial, bone collagen can undergo varying degrees of 

degradation. At Erdaojingzi, the C content of animal bone collagen ranges from 41.4 to 49.5% (mean 

46.7 ± 1.9%, n = 43) and N content from 14.5 to 17.8% (mean 16.7 ± 0.7%, n = 43). These values are 

comparable to those of modern bone and indicate good preservation. The C/N molar ratios fall between 

3.2 and 3.3, with a mean of 3.3 ± 0.04 (n = 43), within the accepted range for well-preserved 

collagen[88][89][90]. Together, these indicators suggest that the samples are not significantly affected by 

exogenous contamination and are suitable for reconstructing pre-mortem dietary signals. 

4.2.2 Animal dietary structure 

The stable isotope compositions of animals provide direct evidence for livestock feeding practices 

and also reflect broader environmental conditions[91][92][93][94][95][96][97][98]. In this study, we measured 

δ¹³C and δ¹⁵N values for at least six taxa, grouped into wild animals (roe deer and hares) and domestic 

animals (pigs, dogs, sheep and cattle). The results are shown as scatter plots and error-bar diagrams in 

Figs. 8 and 9[99]. 

In general, the stable isotope values of wild herbivores such as hares and roe deer can be used to 
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approximate the baseline for local wild vegetation, especially when these animals mainly consume 

natural plant communities dominated by C₃ species. C₃ plants typically exhibit low δ¹³C values 

(−28.5‰ to −24.4‰, mean −27.5‰)[100]. At Erdaojingzi, hares have the most negative δ¹³C values and 

the lowest δ¹⁵N values (δ¹³C = −19.3 ± 0.9‰, δ¹⁵N = 5.8 ± 1.1‰, n = 3), indicating a varied diet largely 

based on C₃ plants, such as grasses and leaves. Roe deer (δ¹³C = −17.9‰ to −17.4‰, mean −17.7 ± 

0.2‰, n = 2) and cattle (δ¹³C = −16.7‰, n = 1) show slightly higher δ¹³C values than hares, but still fall 

within the C₃-dominated range. A δ¹³C value higher than about −18‰ may indicate some consumption 

of C₄ plants [101][102]. The δ¹⁵N values of roe deer (6.1–6.3‰, mean 6.2 ± 0.6‰, n = 2) and cattle (6.9‰) 

are slightly higher than those of hares but remain within the typical herbivore range. 

Taken together, the mean δ¹³C and δ¹⁵N values of wild animals and herbivores suggest that the 

vegetation surrounding the Erdaojingzi site during the period of occupation was predominantly 

composed of C₃ plants. 

 

Fig. 8 Scatter plot of bone collagen δ¹³C and δ¹⁵N values for animals from the Erdaojingzi site. 
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Fig. 9 Error-bar plot of animal bone collagen δ¹³C and δ¹⁵N values from Erdaojingzi. 

Sheep exhibit δ¹³C values ranging from −17.9‰ to −13.3‰ (mean −15.6 ± 1.3‰, n = 17), indicating 

the consumption of both C₃ and C₄ plants. The C₃ component likely derived from natural vegetation, 

surplus human food and agricultural by-products, reflecting their management as domestic animals. 

Their δ¹⁵N values range from 5.3‰ to 10.6‰ (mean 7.2 ± 1.3‰, n = 17), which are generally higher 

than the typical herbivore range of 3–7‰[103][104]. Notably, one adult sheep (ED31) has a δ¹⁵N value of 

10.55‰, suggesting a particularly complex or protein-rich diet. 

Domestic pigs have δ¹³C values between −9.2‰ and −5.9‰ (mean −7.1 ± 0.7‰, n = 15), and 

domestic dogs between −8.4‰ and −6.6‰ (mean −7.4 ± 0.6‰, n = 5). Both taxa show substantially 

higher δ¹³C values than the wild animals, indicating a strong reliance on C₄ plants under human 

management (Hou, 2019). The δ¹⁵N values of pigs range from 7.3‰ to 10.6‰ (mean 8.5 ± 0.9‰, n = 

15) and are slightly higher on average than those of dogs (7.3–9.0‰, mean 8.4 ± 0.6‰, n = 5), 

implying that pigs may have consumed somewhat more animal-derived or otherwise protein-rich 

resources. 

Two human bone samples yielded reliable isotopic measurements (Table 1). Human δ¹³C values 

range from −6.7‰ to −5.9‰ (mean −6.3 ± 0.4‰, n = 2), consistent with diets primarily based on C₄ 

plants. Human δ¹⁵N values range from 9.5‰ to 10.0‰ (mean 9.8 ± 0.3‰, n = 2), indicating that the 

main protein sources came from terrestrial food webs[105].It should be acknowledged that although the 

human and faunal stable isotope data were generated by different laboratories, the pronounced C₄ 

isotopic signal observed in the human samples is sufficiently robust that minor inter-laboratory 

variation would not affect the overall interpretation. Nevertheless, this factor is taken into consideration 

when evaluating fine-scale dietary differences. 

In summary, the stable isotope signatures of terrestrial wild animals indicate that the local ecosystem 

around Erdaojingzi was dominated by C₃ vegetation. In contrast, domestic pigs and dogs, whose diets 

were strongly shaped by human management, show markedly different isotope values, reflecting 
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substantial consumption of C₄ plants closely linked to the development of millet agriculture. 

5 DISCUSSION 

5.1 Adaptation of agricultural populations’ livelihood strategies to the steppe environment at the 

Erdaojingzi site 

Ancient DNA and stable isotope analyses suggest that the two individuals analysed from the 

Erdaojingzi site are genetically closest to farming populations in the Yellow River Basin and that, on 

the basis of the currently available data, the community practised a millet-based mixed farming and 

herding economy (Fig. 2). Rather than representing a purely agricultural system, the evidence indicates 

that the inhabitants of Erdaojingzi maintained key elements of an agricultural subsistence strategy 

while at the same time expanding livestock husbandry and increasing the contribution of animal protein 

to their diet. In this sense, Erdaojingzi provides a case study of how farming communities with Yellow 

River related ancestry organised their livelihoods in a steppe setting. The main aspects of this adaptive 

strategy are outlined below. 

5.1.1 Increasing sheep and cattle while pigs remained the primary domestic animal 

Archaeobotanical and faunal evidence show that the inhabitants of the Erdaojingzi site made use of 

both cultivated fields and surrounding grasslands, combining elements of farming and herding. Plant 

remains indicate a dietary pattern comparable to that of the Central Plains, in which C4 crops, 

especially broomcorn and foxtail millet, played an important role in human food and in livestock 

fodder. In terms of animal husbandry, the inhabitants of the Erdaojingzi area primarily raised domestic 

pigs and dogs (pigs: 49.9% of NISP; dogs: 6.6% of NISP), while also keeping substantial numbers of 

cattle (23.3% of NISP) and sheep (14.4% of NISP). This pattern suggests that pigs and dogs remained 

central to household economies, as in many Yellow River farming communities, but that cattle and 

sheep were more heavily emphasised at Erdaojingzi than at many contemporaneous sites in the Central 

Plains. This greater reliance on herd animals is consistent with higher investment in grazing livestock 

in a steppe environment. 

5.1.2 Isotopic variation among sheep and possible soil fertilisation practices 

Sheep at the Erdaojingzi site show a broad range of δ13C and δ15N values (Figs. 8 and 9). In 

particular, the relatively high and variable δ15N values in the flock may be related, at least in part, to 

soil fertilisation practices. 

China has a long history of using manure and other organic materials to improve soil fertility[106]. 

Early agricultural texts from the pre-Qin period describe methods for enhancing soil through 

fertilisation, and archaeological evidence suggests that pig manure composting can be traced back at 

least to the Yangshao Culture (ca. 5500 BP)[107]. Experimental studies show that the mean δ15N values 

of plants grown on unmanured and organically manured plots are 3.6 ± 0.6‰ and 4.4 ± 0.8‰, 

respectively, indicating significantly elevated δ15N in millet fertilised with pig manure[108]. Herbivores 

that consume such millet and its by-products are therefore expected to show higher δ15N values in their 

bone collagen[109]. 

In this context, the elevated δ15N values observed in sheep at Erdaojingzi are consistent with, but do 

not on their own demonstrate, the use of pig manure and other organic fertilisers in some fields. 

Comparisons of average δ13C and δ15N values for rabbits (−19.3 ± 0.9‰, 5.8 ± 1.1‰, n = 3) and roe 

deer (−17.7 ± 0.2‰, 6.2 ± 0.6‰, n = 2) at Erdaojingzi with those of rabbits (−17.7‰, 4.4‰, n = 1) 

from Haminmangha (3600–3100 BC)[110] and deer (−20.8‰, 2.1‰, n = 1) from Xinglonggou[111] also 

suggest an upward trend in δ15N values through time. 
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However, δ15N values in herbivores can also be influenced by other factors, including differences in 

grazing locations, corralling in dung-enriched areas, access to stored fodder, local microenvironments 

and animal physiology. To test the manuring hypothesis more directly, future work should include 

isotopic analysis of charred millet grains and other plant remains from Erdaojingzi, together with larger 

comparative data sets for wild herbivores and domestic sheep from neighbouring sites. 

5.1.3 Isotopic differences among pigs and implications for human diet 

Published isotopic data for agricultural populations from the Central Plains region indicate 

traditional dietary patterns characterised by relatively enriched carbon values and lower δ15N values. 

Typically, δ15N values for these populations fall within the omnivore range of 7 to 9‰ and rarely 

exceed 9‰. In contrast, the two individuals analysed from Erdaojingzi show higher δ15N values (9.75 ± 

0.3‰, n = 2), which may indicate a greater contribution of animal protein to their diet. This 

interpretation is broadly consistent with the abundance of animal bones found at the site (NISP = 1178, 

MNI = 106) and with evidence for the consumption of young pigs. Stable isotope analysis reveals that 

the primary diet of the pigs consisted of C4 plants, particularly millet and its by-products. The elevated 

δ15N values observed in the pig group indicate that millet-based foods were directly incorporated into 

their diet, with human leftovers likely contributing significantly as well[112]. 

Figures 10 and 11 show that the δ13C values within the pig group are relatively homogeneous, 

whereas δ15N values exhibit considerable variation. Examination of the pig bone samples indicates that 

Group A (Fig. 10a) and Group B (Fig. 10b) comprise piglets, whereas Group C (Fig. 10c) consists of 

adult pigs. The isotopic results for Groups A (−7.1 ± 1.5‰, 8.9 ± 0.7‰, n = 3), B (−7.0 ± 0.2‰, 10.3 ± 

0.3‰, n = 2) and C (−7.1 ± 0.3‰, 8.1 ± 0.5‰, n = 10) indicate that Groups A and B have higher δ15N 

values, which are typically associated with suckling and lactation[113][114]. Notably, Group B exhibits the 

highest δ15N values among all groups. Analysis of the ages at death suggests that Group B (over six 

months old) was still strongly influenced by suckling and the associated bone-turnover effects, despite 

the older average age at death compared to Group A (under six months). In contrast, Group C, 

approaching 18 months old, was likely fed a typical omnivorous diet similar to that of domestic pigs in 

North China. 

 

 

Fig. 10 Carbon and nitrogen isotope values of pig bone samples from Erdaojingzi. The pigs can be 

divided into three age-at-death groups based on epiphyseal fusion: (a) Group A, unhealed epiphyses, 
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thin metaphyses, more slender bones; (b) Group B, unhealed epiphyses, thinnest diaphyses, slenderest 

bones; (c) Group C, healed epiphyses. 

Additionally, we analysed the mortality patterns of domestic pigs from the Erdaojingzi site, focusing 

on 97 specimens for which the age at death was identifiable. The ages at death were distributed as 

follows: 1–8 months (7.2%), 8–14 months (15.5%), 18–24 months (51.6%), 25–36 months (24.7%) and 

over 42 months (1.0%). Nearly a quarter of the pigs died before 14 months of age (Fig. 11). 

 

Fig. 11 Age-at-death distribution of domestic pigs from Erdaojingzi. 

 

Generally, young pigs have a high growth potential for meat production, but the economic returns 

from slaughtering them are relatively low[115]. In many agricultural societies where pigs are typically 

raised for up to two years, there is therefore a tendency to avoid slaughtering piglets in favour of 

maximising economic efficiency[116]. The age-at-death pattern of pigs at Erdaojingzi, with slaughter 

occurring across a broad age range and including a non-negligible proportion of younger animals, 

suggests a relatively flexible management strategy rather than a narrow focus on optimising carcass 

weight. Such flexibility may in part reflect the integration of pig husbandry into a wider mixed farming 

and herding economy and the need to accommodate the ecological and economic conditions of a steppe 

environment. 

In summary, the inhabitants of Erdaojingzi appear, on current evidence, to have adapted to a 

grassland setting by retaining core elements of an agricultural economy while expanding livestock 

herding and increasing the contribution of animal protein to their diet. After moving into the grassland 

zone, farming communities applied cultivation, animal management and possibly manuring practices 

familiar from agricultural regions, but also developed forms of pastoral exploitation suited to local 

ecological conditions. Their mixed farming and herding livelihood strategy thus illustrates an active 
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process of adjustment to, and modification of, the surrounding environment. 

5.2 A comparative study of differentiated subsistence strategies across geographic regions 

characterised by population genetic structure 

We compiled data from archaeological sites in different regions of China dating to around 4000 BP, 

with a particular emphasis on sites where genetic profiles are dominated by ancestry related to 

agricultural populations. These include locations in the upper Yellow River region, such as Jinchankou, 

Lajia, Muzhuzhuliang and Shimao, as well as sites in the middle Yellow River region, including 

Wadian, Pingliangtai and Yangshaocun in Henan Province. In this section, we synthesise published 

ancient DNA (aDNA) results together with information on plant and animal resource use and human 

bone isotope ratios in order to explore regional similarities and differences in subsistence strategies. 

5.2.1 aDNA reveals expansion patterns of YR-related populations 

Previous research has shown that populations associated with millet farming in the Yellow River 

Basin of northern China expanded widely during the Neolithic period. Genetic and archaeological 

evidence indicate that ancestry related to these communities spread southeast along the coast towards 

Fujian and the Taiwan Strait, moved inland towards Guangxi in the south and extended along the 

“Tibetan–Yi Corridor” onto the Tibetan Plateau, often in parallel with the dispersal of millet 

agriculture. During the transition from the Yangshao Culture to the Longshan Culture in the Yellow 

River Basin, these farming populations also received continuous genetic input from southern groups, 

probably linked to the northward spread of rice cultivation[117][118][119][120][121][122]. 

In the post-Neolithic period, ancestry components associated with northern East Asian populations 

became increasingly prominent in many parts of East Asia, reflecting complex patterns of mobility and 

interaction, including southward movements of northern groups. Within this broader context, genome-

wide analyses suggest that the two individuals from the Erdaojingzi site share close genetic affinities 

with farmers in the Yellow River Basin of the Central Plains. This indicates that farming communities 

carrying Yellow River–related ancestry had reached the West Liao River region in northeastern China 

by around 4000–3500 years before present. 

Modelling of population structure at broadly contemporaneous sites using qpAdm reveals marked 

regional variation. As communities with Yellow River–related ancestry expanded southwards and 

towards the lower reaches of the Yellow River, they admixed with local groups, resulting in substantial 

southern East Asian–related components in the genetic profiles of sites such as Haojiatai, Pingliangtai 

and Sanlihe. In contrast, sites in the upper reaches of the Yellow River Basin, such as Lajia, Jinchankou 

and Shengedaliang, commonly require additional ancestry related to ancient northern East Asian 

populations (ANA) in order to obtain good-fitting models. Under the set of sources and outgroups 

tested in this study, the two Erdaojingzi individuals can be adequately modelled as deriving their 

ancestry from a single source related to Yellow River Middle Neolithic farmers, without the need to 

invoke extra ANA or southern East Asian components. Given the very small sample size, however, 

limited admixture with local groups cannot be excluded. This genetic pattern is consistent with 

archaeological observations that the material culture at Erdaojingzi shows strong similarities to 

contemporary Central Plains traditions and contrasts with that of neighbouring northern steppe-related 

cultures (Fig. 12a). 

When viewed together with previously published data, the ancestry profiles of the Erdaojingzi 

individuals differ from those of Middle Neolithic populations in the West Liao River Basin that carried 

more pronounced ANA-related components. This suggests that the Erdaojingzi community was 

unlikely to have been a simple, direct continuation of earlier local groups. Possible demographic 
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scenarios include the arrival of farming communities with Yellow River–related ancestry, admixture 

between such groups and resident populations, or more complex multi-phase processes. At present, the 

limited number of individuals available from Erdaojingzi and neighbouring sites does not allow these 

possibilities to be distinguished, and further sampling will be required to clarify the detailed population 

history of the region. 

 

Fig. 12 a: Schematic representation of expansion patterns of Yellow River–related populations across 

different regions between 4.2 and 3.5 ka BP. b: Relative proportions of plant (left) and animal (right) 

resources used by agricultural populations at selected sites. Dark icons for pigs and sheep denote sites 
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where these taxa dominate the assemblage, but detailed faunal quantification is not available. Base map 

derived from the Standard Map of the Ministry of Natural Resources of the People’s Republic of China 

(Map Approval No. GS(2024)0650). Generated using ArcGIS 10.8 (ESRI, https://www.esri.com/). 

Archaeological site locations were added by the authors. 

5.2.2 Utilization of animal and plant resources 

We also compiled and analysed published research on patterns of plant and animal utilisation among 

agricultural communities in northern China, focusing on the agro-pastoral transition zone (Fig. 12b). 

This allows us to explore both shared features and regional contrasts in resource use. 

Qualitative and quantitative analyses of animal bones indicate that pigs were the predominant 

domestic animal in the Central Plains, with pig bones significantly outnumbering those of other 

species[123] . In the Erdaojingzi area, the overall pattern of animal utilisation broadly resembles that of 

the Central Plains: pigs account for 49.9% of identified specimens (NISP), followed by cattle at 23.3% 

and sheep at 14.4%. A similar pattern is observed at the Dashanqian site. In contrast, at the 

Shengedaliang site, located in the upper reaches of the Yellow River in the Shaanxi–Gansu region, 

sheep are the primary domestic animals (56.7% of NISP), followed by cattle (20.6%) and pigs 

(11.3%)[124][125][126]. A comparable trend is seen at the Jinchankou site, where sheep account for 30% of 

the identified individuals (MNI = 20)[127]. These divergent patterns indicate differences in animal 

husbandry strategies among agricultural populations in different geographic units, with a stronger 

emphasis on grazing livestock in the upper Yellow River region and the Shaanxi–Gansu corridor, 

consistent with a greater degree of engagement with herding economies in the northwest. 

Archaeobotanical analyses show that foxtail millet and broomcorn millet were the dominant crops 

across all sites; however, the Central Plains exhibit the greatest diversity of crop species[128]. Notably, 

the Wadian and Pingliangtai sites show the highest variety, including foxtail millet, broomcorn millet, 

beans, wheat and rice. Even so, the proportions of wheat and rice remain relatively low, and individual 

assemblages show some variability. For instance, at the Wadian site, rice accounts for 61.9% and wheat 

for 4.3% of identified grains, whereas at Pingliangtai wheat reaches 62.1%, underscoring spatial and 

contextual differences in the presence of these crops[129]. In contrast, the primary crops in Shaanxi, 

Gansu and Inner Mongolia are predominantly foxtail millet and broomcorn millet, with only occasional 

beans[130]. A closer examination of the ratios suggests that the ubiquity or relative proportions of foxtail 

and broomcorn millet at Shengedaliang (foxtail millet 36.2%, broomcorn millet 32.2%) and 

Muzhuzhuliang (foxtail millet 68.9%, broomcorn millet 67.4%) are lower than those in the Erdaojingzi 

region (foxtail millet 100%, broomcorn millet 92.2%). On this basis, millet cultivation at Erdaojingzi 

appears relatively well developed compared to other roughly contemporaneous sites in surrounding 

grassland regions[131][132][133]. 

These variations in crop types and animal-usage patterns illustrate the ways in which agricultural 

populations adjusted their subsistence systems to local environmental and social conditions. The 

adaptation of the Erdaojingzi community to a steppe environment provides one example of how 

agricultural societies could reorganise their economies following migration, and offers a useful 

comparative case for studying similar instances of environmental adaptation. Rather than endorsing 

environmental determinism, we seek to integrate natural geographical settings with archaeological and 

genetic evidence in order to highlight the flexibility and resilience of agricultural populations, as 

reflected in their diverse patterns of animal and plant resource utilisation across different regions. 

5.2.3 Isotopic evidence from human bones 

Due to the limited availability of human skeletal material from the Erdaojingzi site, we obtained only 
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two reliable isotopic measurements (Table 1). Isotopic data from these two individuals, together with 

published results from related sites (Fig. 12), are summarised in Table 5 and plotted in Fig. 13. 

Table 5 Summary of human bone collagen δ13C and δ15N values from Erdaojingzi and comparative 

sites. 

site n δ13C±SD(‰) δ15N±SD(‰) Reference 

Erdao 2 -6.3±0.4 9.8±0.3 This study 

Dashanqian 9 -7±0.4 9.4±0.5 [134] 

Shengedaliang 28 –8.5±1.8 8.8±1.4 [135] 

Muzhuzhuliang 7 -8.2±1.5 7.7±0.8 [136] 

Lajia 4 -7.9±0.4 9.99±0.17 [137] 

Jinchankou 2 -10.3±1.2 8.9±0 [138] 

Haojiatai 11 -13.1±4.6 9.3±1.1 
[139] 

Pingliangtai 8 -8.7±1.1 9±0.9 

Wadian1 9 -9.9±0.7 7.5±0.5 
[140] 

Wadian2 3 -14.3±0.8 10.2±0.3 

Taosi 17 -6.8±1.3 7.5±0.6 [141] 

Xinzhai 11 -8.5±1.3 6.2±0.9 [142] 

Erlitou 22 -10.4±2.7 7.3±1.2 [143] 

 

 

Fig. 13 Error-bar plot of human bone collagen δ13C and δ15N values from Erdaojingzi (ED) and 

comparative sites. Comparative sites include Dashanqian (DSQ), Shengedaliang (SGDL), Lajia (LJ), 
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Jinchankou (JCK), Muzhuzhuliang (MZZL), Haojiatai (HJT), Pingliangtai (PLT), Wadian (WD1, 

WD2), Taosi (TS), Xinzhai (XZ), and Erlitou (ELT). Abbreviations correspond to labels shown in the 

figure. 

Overall, the sampled populations primarily consumed C4 plants, consistent with diets based on millet 

agriculture, and relied mainly on terrestrial domestic animals as sources of animal protein (Fig. 13). 

Human isotopic data from Shaanxi, Gansu and Inner Mongolia cluster in a range suggesting a strong 

reliance on C4 plants and relatively elevated δ15N values, which may reflect higher intakes of animal 

protein[144]. In the Yellow River Basin, the presence of rice and wheat in archaeobotanical assemblages 

points to more varied and regionally complex dietary patterns[145]. For example, at the Wadian site, 

isotopic data suggest two broad dietary regimes: one group with a predominantly agricultural diet 

based almost entirely on C4 plants (enriched δ13C values and δ15N < 7‰), and another group with a 

mixed C3–C4 diet and higher δ15N values (> 10‰), possibly reflecting differences in livelihood 

strategies or social roles[146][147]. At Jinchankou and Lajia in the upper Yellow River, isotopic variability 

may in part be related to the introduction of C3 wheat into local cropping systems. 

In summary, around 4000 years ago, populations with ancestry related to Yellow River farmers were 

distributed across the upper, middle and lower reaches of the river, as well as the West Liao River 

region. While there was a broad common pattern in plant and animal resource use, like foxtail millet 

and broomcorn millet forming the staple crops, and pigs, cattle and sheep constituting the main 

domestic animals, the relative proportions of these resources varied between geographic areas. 

Broomcorn millet, being more drought-tolerant, tended to be more important in the upper and some 

parts of the middle Yellow River, whereas foxtail millet was more commonly used in the lower reaches 

and in the West Liao River region. In terms of animal husbandry, cattle and sheep were relatively more 

prominent in the upper and some middle reaches, consistent with more extensive herding in the 

northwest. By contrast, in the West Liao River region and the traditional Central Plains of the middle 

Yellow River, pigs generally formed the primary livestock. These differentiated patterns of plant and 

animal use are reflected in human isotopic signatures and highlight the close relationship between 

resource utilisation strategies and the development of dietary practices. Together, they provide insights 

into how ancient populations organised their livelihoods and adapted to diverse landscapes within a 

broadly shared agricultural tradition. 

6 CONCLUSIONS 

Drawing on the available ancient DNA and stable isotope data from human and animal bones at the 

Erdaojingzi site, together with zooarchaeological and archaeobotanical evidence, we draw the following 

conclusions: 

(1) Ancient DNA results suggest that the two individuals from Erdaojingzi are genetically closest to 

farming populations in the Yellow River Basin. This implies that farming communities carrying Yellow 

River–related ancestry had reached the agro-pastoral transition zone of the West Liao River region by ca. 

3700–3330 cal BP. Stable isotope and zooarchaeological evidence is consistent with a millet-based mixed 

farming and herding economy at the site: pigs and dogs relied mainly on C4 plants, whereas sheep and 

cattle made use of both C3 and C4 plants. 

(2) After entering a steppe environment, the inhabitants of Erdaojingzi appear, on current evidence, to 

have maintained traditions of millet cultivation and pig husbandry while expanding the use of cattle and 

sheep. Archaeobotanical and isotopic results indicate that drought-tolerant millets such as broomcorn 

and foxtail millet remained important staple foods. Zooarchaeological and isotopic data further point to 
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differentiated management strategies for pigs, dogs, sheep and cattle, reflecting the integration of familiar 

agricultural practices with forms of livestock herding suited to local ecological conditions. 

(3) From the upper, middle and lower reaches of the Yellow River Basin to the West Liao River region, 

there is a broad common pattern in plant and animal use, with millets such as broomcorn and foxtail 

millet and domestic pigs, cattle and sheep forming key resources. Regional differences lie chiefly in the 

relative importance of these resources and in specific management practices. Within this wider 

framework, Erdaojingzi provides a case study of how farming communities carrying Yellow River–

related ancestry adjusted and reorganised their economic practices after entering an agro-pastoral frontier 

zone. At the same time, the limited and uneven nature of current datasets highlights the need for further 

aDNA, isotopic and archaeobotanical work in order to refine this comparative picture.  

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



FUNDING 

This work was funded by Major Project of the Key Research Base for Philosophy and Social Sciences 

of the Ministry of Education (No.22JJD780009), The Fundamental Research Funds for the Central 

Universities (No.2022CXTD17) , Jilin University “Chinese-style Modernization and New Forms of 

Human Civilization” Philosophy and Social Sciences Innovation Team Project (No.2023QNTD12), 

The National Social Science Fund Special Project (No.23VMZ003), Key Projects of the National 

Social Science Foundation of China ( No.23AKG009), Lantai Young Scholars Program of Chinese 

History Institute (2022LTQN602), theNational Social Science Fund of China (19VJX074), the National 

Key Research and Development Program (2020YFE0201600), Major Special Project of Philosophy 

and Social Sciences Research of the Ministry of Education (2022JZDZ023), the Key Research and 

Development Program Project of Karamay (2025BA0092), The Doctoral Students' Scientific Research 

Innovation Ability Enhancement Project in Jilin University (No.2024KC012; No.2024KC011) and 

Program for Enhancing Doctoral Research Innovation Capacity in Jilin Province (JJKH20250043BS; 

JJKH20250044BS). 

 

DECLARATIONS OF INTEREST 

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

DATA AVAILABILITY STATEMENT 

The raw alignment file (in BAM format) can be accessed publicly at the Genome Warehouse in the 

National Genomics Data Center, Beijing Institute of Genomics (part of the China National Center for 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Bioinformation), under the Chinese Academy of Sciences. The data set will be catalogued under the 

Accession Number: HRA010456 and can be retrieved from https://bigd.big.ac.cn/gsa-human/. 

The other original contributions presented in the study are included in the article. 

 

AUTHOR CONTRIBUTIONS 

Xiaohong Lv: Formal analysis, Methodology, Data curation, Visualization, Writing - original draft, 

Writing - review & editing. Yao Yu: Formal analysis, Methodology, Data curation, Visualization, 

Writing - original draft, Writing - review & editing. Lin Ban: Formal analysis, Methodology, Data 

curation, Visualization, Writing - original draft, Writing - review & editing. Panxin Du: Formal 

analysis, Data curation, Visualization, Supervision, Writing - review & editing. Jianxue Xiong 

Validation, Xin Chang: Validation. Baoshuai Zhang: Validation. Bangyan Wang: Validation. Yiran 

Xu: Validation. Chunxue Wang: Conceptualization, Data curation, Formal analysis, Funding 

acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, 

Writing - original draft, Writing - review & editing. Jianen Cao: Investigation, Methodology, 

Resources, Writing - review & editing. Shaoqing Wen: Conceptualization, Formal analysis, 

Methodology, Visualization, Validation, Writing - review & editing. 

  

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://bigd.big.ac.cn/gsa-human/


REFERENCES 

[1] Li, D. (1999). Overview of Environmental Behavior. Tsinghua University Press: Beijing. 
[2] Wang Youping. (2018). The late Paleolithic environmental change and human migration in North 

China. Acta Anthropologica Sinica, 37(3), 11. 
[3] Anthony, D. W. (2007). The horse, the wheel, and language: how Bronze-Age riders from the 

Eurasian steppes shaped the modern world. Princeton University Press. 
[4] Frachetti, M. D. (2012). Multiregional emergence of mobile pastoralism and nonuniform 

institutional complexity across Eurasia. Current Anthropology, 53(1), 2-38. 
[5] Zhao, Z. (2004). The floatation results at Xinglonggou site and its implications for understanding the 

dry-land farming in North China. Dongya Guwu 1: 188–189. 
[6] Liu, X, Y., Hunt, H, V., Jones, M, K. (2009). River Valleys and Foothills: Changing Archaeological 

Perceptions of North China's Earliest Farms. Antiquity. 83. 10.1017/S0003598X00098100.  
[7] Harrison, R.J. & Heyd, V. (2007). The transformation of Europe in the third millennium BC: the 

example of ‘Le Petit Chasseur I + III’ (Sion, Valais, Switzerland). Prähistorische Zeitschrift 82/2: 129–

214. 
[8] Jia, X., Sun, Y., Wang, L., Sun, W., Zhao, Z., Lee, H.F., Huang, W., Wu, S., & Lu, H. (2016). The 

transition of human subsistence strategies in relation to climate change during the Bronze Age in the 

West Liao River Basin, Northeast China. The Holocene, 26, 781 - 789. 
[9] Alexiades, M. N. (Ed.). (2022). Mobility and migration in indigenous Amazonia: contemporary 

ethnoecological perspectives. Berghahn Books. 
[10] Ren, L., Dong, G., Liu, F., d'Alpoim-Guedes, J., Flad, R. K., Ma, M., ... & Chen, F. (2020). 

Foraging and farming: archaeobotanical and zooarchaeological evidence for Neolithic exchange on the 

Tibetan Plateau. Antiquity, 94(375), 637-652. 
[11] Liu, M & Sun, K.(2012).A Survey Study of Migration and Life Adaptation of Tajiks on the Pamir 

Plateau. Social Sciences in Xinjiang(03),56-62. 
[12] Wang, C. C., Yeh, H. Y., Popov, A. N., Zhang, H. Q., Matsumura, H., Sirak, K., Cheronet, O., 

Kovalev, A., Rohland, N., Kim, A. M., Mallick, S., Bernardos, R., Tumen, D., Zhao, J., Liu, Y. C., Liu, 

J. Y., Mah, M., Wang, K., Zhang, Z., Adamski, N., … Reich, D. (2021). Genomic insights into the 

formation of human populations in East Asia. Nature, 591(7850), 413–419. 

https://doi.org/10.1038/s41586-021-03336-2 
[13] Holt, R. D., & Gomulkiewicz, R. (1997). How does immigration influence local adaptation? A 

reexamination of a familiar paradigm. The American Naturalist, 149(3), 563-572. 
[14] Durkee, L. F., Olazcuaga, L., Melbourne, B. A., & Hufbauer, R. A. (2024). Immigration delays but 

does not prevent adaptation following environmental change: experimental evidence. Journal of 

Evolutionary Biology, voae031. 
[15] Qu, Y. (2024). Understanding mammal resource choices and subsistence strategies during the 

Holocene Climate Optimum: Integration of evidence from palaeodistribution modelling, animal bones 

and archaeological remains in the farming-pastoral ecotone, northern China. Journal of Archaeological 

Science, 171, 106071. 
[16] Mazzucco N, Ibáñez JJ, Capuzzo G, Gassin B, Mineo M, Gibaja JF. (2020). Migration, adaptation, 

innovation: The spread of Neolithic harvesting technologies in the Mediterranean. PLoS ONE 15(4): 

e0232455. https://doi.org/10.1371/journal.pone.0232455 
[17] Gao, J. (2023).Survival environments and adaptation strategies of prehistoric humans in the Yellow 

 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1371/journal.pone.0232455


 

River Basin of the Qinghai-Tibetan Plateau (Doctoral dissertation, Qinghai Normal University). 

https://link.cnki.net/doi/10.27778/d.cnki.gqhzy.2023.000006doi:10.27778/d.cnki.gqhzy.2023.000006. 
[18] Yang, J., Zhang, D., Yang, X., Wang, W., Perry, L., Fuller, D. Q., ... & Chen, F. (2022). Sustainable 

intensification of millet–pig agriculture in Neolithic North China. Nature Sustainability, 5(9), 780-786. 
[19] Lazaridis, I., Patterson, N., Mittnik, A., Renaud, G., Mallick, S., Kirsanow, K., ... & Krause, J. 

(2014). Ancient human genomes suggest three ancestral populations for present-day Europeans. 

Nature, 513(7518), 409-413. 
[20] Stevens, C. J., & Fuller, D. Q. (2012). Did Neolithic farming fail? The case for a Bronze Age 

agricultural revolution in the British Isles. Antiquity, 86(333), 707-722. 
[21] Olalde, I., Brace, S., Allentoft, M. E., Armit, I., Kristiansen, K., Booth, T., ... & Reich, D. (2018). 

The Beaker phenomenon and the genomic transformation of northwest Europe. Nature, 555(7695), 

190-196. 
[22] Nørgaard, H. W. (2020). Review of: Parker Pearson, M., Sheridan, A., Jay, M., Chamberlain, A., 

Richards, MP & Evans, J.(2019). The Beaker People. Isotopes, mobility and diet in prehistoric 

Britain.(Prehistoric Society Research Paper, 7). Oxford: Oxbow. Archaeologische Informationen, 43. 
[23] Jeong, C., Wang, K., Wilkin, S., Taylor, W. T. T., Miller, B. K., Bemmann, J. H., Stahl, R., 

Chiovelli, C., Knolle, F., Ulziibayar, S., Khatanbaatar, D., Erdenebaatar, D., Erdenebat, U., Ochir, A., 

Ankhsanaa, G., Vanchigdash, C., Ochir, B., Munkhbayar, C., Tumen, D., Kovalev, A., … Warinner, C. 

(2020). A Dynamic 6,000-Year Genetic History of Eurasia's Eastern Steppe. Cell, 183(4), 890–904.e29. 

https://doi.org/10.1016/j.cell.2020.10.015 
[24] Dong, Y., Bi, X., Wu, R., Belfield E. J., Harberd N. P., Christensen B.T., Bogaard Amy. (2022). The 

potential of stable carbon and nitrogen isotope analysis of foxtail and broomcorn millets for 

investigating ancient farming systems13;.Frontiers in Plant Science1018312-1018312. 
[25] Ran, M., & Chen, L. (2019). The 4.2 ka BP climatic event and its cultural responses.Quaternary 

international, 521, 158-167. 
[26] Allen, E., Yu, Y., Yang, X., Xu, Y., Du, P., Xiong, J., ... & Wen, S. (2022). Multidisciplinary lines of 

evidence reveal East/Northeast Asian origins of agriculturalist/pastoralist residents at a Han dynasty 

military outpost in ancient Xinjiang. Frontiers in Ecology and Evolution, 10, 932004. 
[27] Chen, G., Du, L., Yang, Y., Ren, L., Qiu, M., Lu, Y., & Dong, G. (2024). Multipurpose animal 

utilization underpinned early Bronze Age subsistence of an oasis in an arid area of northwestern China. 

Archaeological and Anthropological Sciences, 16(5), 66. 
[28] Wang, Z. (2009). The historical “Go West”. Grand Garden of Science(24),26. 
[29] Ning, C., Li, T., Wang, K., Zhang, F., Li, T., Wu, X., ... & Hudson, M. J. (2020). Ancient genomes 

from northern China suggest links between subsistence changes and human migration. Nat. Commun. 

11, 2700. 
[30] Huang, Y.(2024).Analysis of the foreign communication of Xiajiadian Lower Culture.Journal of 

Chifeng University(Philosophy and Social Science Chinese Edition)(09),1-

5.doi:10.13398/j.cnki.issn1673-2596.2024.09.002. 
[31] Guo, D. & Zhang, X. (2005). Early Chinese Civilization--Northeastern Culture and Youyan 

Civilization (Hardcover). Jiangsu Education Press:Nanjing. 
[32] Ni, Y. (2014). Exploring the Origins of Animal Mask Motifs on Shang and Zhou Dynasty Bronze 

Vessels. Study of Art (00),637-652. 
[33] Wang, P. (2019). Preliminary Analysis of Painted Pottery Motifs (Geometric and Zoomorphic 

Designs) Unearthed from the Dadianzi Cemetery, Inner Mongolia.Sichuan Cultural Relics(06),44-48. 
[34] Qin, X. (2022).The production and circulation of turquoise ornaments in the Erlitou culture period. 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1016/j.cell.2020.10.015


 

Cultural Relics of Central China (02),64-74. 
[35] Deng, C., Xu, H., Zhao, H., Emiliano Melgar, Deng, X., Liu. J., & Li, J. (2022). A Comparative 

Analysis of Ancient Turquoise Tesserae Technology in China and Mesoamerica. .Jianghan 

Archaeology(04),114-122. 
[36] Dou, Y. (2024). Study of jade artifacts in Xiajiadian Lower Culture. (Master's thesis, Chifeng 

University): Chifeng.  
[37] Xu, Z. (2010).Preliminary study on the bone of divination in Xiajiadian lower 

culture.Wenwuchunqiu(04),14-18+27.doi:10.13635/j.cnki.wwcq.2010.04.002. 
[38] Song, R., Chen, Q. (2004). A study of pre-Han dynasty faunal remains in Chifeng..Steppe Cultural 

Relics(02):85-101. 
[39] Chen, Q. (2006). Animal remains excavated from the Xiliang site, Jinggouzi, Linxi County, Inner 

Mongolia Steppe Cultural Relics(02),105-110. 
[40] Chen, J.,Ta, L,. Cai, J., Xiong, Z. (2014). Findings and Recognition of the Neolithic Site of 

Weijiawopu, Chifeng, Inner Mongolia.Cultural Relics(11),47-52. doi:10.13619/j.cnki.cn11-

1532/k.2014.11.005. 
[41] Chen, Q., Zhang, Z. (2017). Research on the Faunal Remains of the Weijiawopu Site,2015~2016. 

Steppe Cultural Relics(01), 104-114. doi:10.16327/j.cnki.cn15-1361/k.2017.01.016. 
[42] Wang Y., Chen Q., Bao S., Wang L. (2017). Study on the Faunal Remains of the Nailingao 

Site,Inner Mongolia,2015. Steppe Cultural Relics(01),115-124.doi:10.16327/j.cnki.cn15-

1361/k.2017.01.017. 
[43] Yang, M. A., Fan, X., Sun, B., Chen, C., Lang, J., Ko, Y. C., ... & Fu, Q. (2020). Ancient DNA 

indicates human population shifts and admixture in northern and southern China. Science, 369(6501), 

282-288. 
[44] Cao, J., Dang, Y., Sun, J. (2010). A perfect re-enactment of the Bronze Age " pompeii in the East " 

in Inner Mongolia Erdaojingzi site excavation record. China Cultural Heritage(03),78-87. 
[45] Cao, J., Sun, J., Dang, Y. (2010). The Excavations at the Erdaojingzi Site in Chifeng City, Inner 

Mongolia. Archaeology, (8), 13-26. 
[46] Cao, J., Sun, J., Dang, Y., Zhang, Q., Liu, J., Wang, Y., Cao, D., Yang, J., Xu, T. (2022). Excavation 

Report on Workshop Area of the Lower Xiajiadian Culture Settlement of Erdaojingzi Site,Chifeng 

City.Steppe Cultural Relics(02),12-26.doi:10.16327/j.cnki.cn15-1361/k.2022.02.003. 
[47] Zhu, K., Zhang, Zh., Tao, L., Jiang, R., Huang, W., Sun, Y., He, H., Fu, H., Ma, H., Yang, X., Guo, 

J., Jia, X., Wang, C. C. (2023). The genetic diversity in the ancient human population of Upper 

Xiajiadian culture. Journal of Systematics and Evolution. 10.1111/jse.13029. 
[48] Peterson, C. E., Lu, X., Drennan, R. D., & Zhu, D. (2010). Hongshan chiefly communities in 

Neolithic northeastern China. Proceedings of the National Academy of Sciences of the United States of 

America, 107(13), 5756–5761. https://doi.org/10.1073/pnas.1000949107 
[49] Sun, Y., Zhao, Z., Cao, J., Sun, J., Dang, Y. (2014). Report on the analysis of the 2009 flotation 

results from the Erdaojingzi site in Inner Mongolia.Agricultural Archaeology(06),1-9. 
[50] Pääbo, S. (1989). Ancient DNA: extraction, characterization, molecular cloning, and enzymatic 

amplification. Proceedings of the National Academy of Sciences, 86(6), 1939-1943. 
[51] Knapp, M., & Hofreiter, M. (2010). Next generation sequencing of ancient DNA: requirements, 

strategies and perspectives. Genes, 1(2), 227-243. 
[52] Orlando, L., Allaby, R., Skoglund, P., Der Sarkissian, C., Stockhammer, P. W., Ávila-Arcos, M. 

C., ... & Warinner, C. (2021). Ancient DNA analysis. Nature reviews methods primers, 1(1), 14. 
[53] Reich, D. (2018). Who we are and how we got here: Ancient DNA and the new science of the 

human past. Oxford University Press. 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



 
[54] DeNiro MJ, Epstein S. (1978). Influence of diet on the distribution of carbon isotopes in animals. 

Geochim Cosmochim Acta 42:495– 506. https://doi.org/10.1016/0016-7037(78)90199-0 
[55] Katzenberg, M. A., & Waters‐Rist, A. L. (2018). Stable isotope analysis: a tool for studying past 

diet, demography, and life history. Biological anthropology of the human skeleton, 467-504. 
[56] Reitsema, L. J., Kozłowski, T., & Makowiecki, D. (2013). Human–environment interactions in 

medieval Poland: a perspective from the analysis of faunal stable isotope ratios. Journal of 

Archaeological Science, 40(10), 3636-3646. 
[57] Britton, K. (2017). A stable relationship: isotopes and bioarchaeology are in it for the long haul. 

Antiquity, 91(358), 853-864. 
[58] Heaton THE, Vogel JC, von la Chevallerie G, Collett G (1986) Climatic influence on the isotopic 

composition of bone nitrogen. Nature 322:822–823. https://doi.org/10.1038/322822a0 
[59] Schwarcz HP, Dupras TL, Fairgrieve SI. (1999). 15N enrichment in the Sahara: in search of a global 

relationship. J Archaeol Sci 26:629– 636. https://doi.org/10.1006/jasc.1998.0380 
[60] Fuller BT, Fuller JL, Harris DA, Hedges REM. (2006) Detection of breastfeeding and weaning in 

modern human infants with carbon and nitrogen stable isotope ratios. Am J Phys Anthropol 129:279– 

293. https://doi.org/10.1002/ajpa.20249 
[61] Zhu, K., Du, P., Li, J., Zhang, J., Hu, X., Meng, H., Chen, L., Zhou, B., Yang, X., Xiong, J., et al. 

(2022). Cultural and demic co-diffusion of Tubo Empire on Tibetan Plateau. iScience 25, 105636. 

https://doi.org/10.1016/j.isci.2022.105636. 
[62] Knapp, M., Clarke, A.C., Horsburgh, K.A., and Matisoo-Smith, E.A. (2012). Setting the stage - 

Building and working in an ancient DNA laboratory. Ann Anat 194, 3-6. 10.1016/j.aanat.2011.03.008. 
[63] Rohland, N., Glocke, I., Aximu-Petri, A., and Meyer, M. (2018). Extraction of highly degraded 

DNA from ancient bones, teeth and sediments for high-throughput sequencing. Nature Protocols 13, 

2447-2461. 10.1038/s41596-018-0050-5. 
[64] Meyer, M., and Kircher, M. (2010). Illumina sequencing library preparation for highly multiplexed 

target capture and sequencing. Cold Spring Harb Protoc. pdb prot5448. 10.1101/pdb.prot5448. 
[65] Gamba, C., Jones, E.R., Teasdale, M.D., McLaughlin, R.L., Gonzalez-Fortes, G., Mattiangeli, V., 

Domboróczki, L., Kővári, I., Pap, I., Anders, A., et al. (2014). Genome flux and stasis in a five 

millennium transect of European prehistory. Nature Communications 5, 5257. 10.1038/ncomms6257. 
[66] Allentoft, M.E., Sikora, M., Sjögren, K.-G., Rasmussen, S., Rasmussen, M., Stenderup, J., 

Damgaard, P.B., Schroeder, H., Ahlström, T., Vinner, L., et al. (2015). Population genomics of Bronze 

Age Eurasia. Nature 522, 167-172. 10.1038/nature14507. 
[67] Du, P., Zhu, K., Qiao, H., Zhang, J., Meng, H., Huang, Z., ... & Wen, S. (2024a). Ancient genome of 

the Chinese Emperor Wu of Northern Zhou. Current Biology, 34(7), 1587-1595. 
[68] Du, P., Zhu, K., Wang, M., Sun, Z., Tan, J., Sun, B., ... & Wen, S. (2024b). Genomic dynamics of 

the Lower Yellow River Valley since the Early Neolithic. Current Biology, 34(17), 3996-4006. 
[69] Rohland, N., Mallick, S., Mah, M., Maier, R., Patterson, N., and Reich, D. (2022). Three assays for 

in-solution enrichment of ancient human DNA at more than a million SNPs. Genome Research 32, 

2068-2078. 10.1101/gr.276728.122. 
[70] Schubert, M., Lindgreen, S., & Orlando, L. (2016). AdapterRemoval v2: rapid adapter trimming, 

identification, and read merging. BMC research notes, 9, 88. https://doi.org/10.1186/s13104-016-1900-

2 
[71] Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler 

transform. Bioinformatics (Oxford, England), 25(14), 1754–1760. 

https://doi.org/10.1093/bioinformatics/btp324 
[72] Peltzer, A., Jäger, G., Herbig, A., Seitz, A., Kniep, C., Krause, J., & Nieselt, K. (2016). EAGER: 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1006/jasc.1998.0380
https://doi.org/10.1002/ajpa.20249
https://doi.org/10.1016/j.isci.2022.105636.
https://doi.org/10.1093/bioinformatics/btp324


 

efficient ancient genome reconstruction. Genome biology, 17, 60. https://doi.org/10.1186/s13059-016-

0918-z 
[73] Renaud, G., Slon, V., Duggan, A. T., & Kelso, J. (2015). Schmutzi: estimation of contamination and 

endogenous mitochondrial consensus calling for ancient DNA. Genome biology, 16, 224. 

https://doi.org/10.1186/s13059-015-0776-0 
[74] Fu, Q., Hajdinjak, M., Moldovan, O. T., Constantin, S., Mallick, S., Skoglund, P., Patterson, N., 

Rohland, N., Lazaridis, I., Nickel, B., Viola, B., Prüfer, K., Meyer, M., Kelso, J., Reich, D., & Pääbo, S. 

(2015). An early modern human from Romania with a recent Neanderthal ancestor. Nature, 524(7564), 

216–219. https://doi.org/10.1038/nature14558. 
[75] Weissensteiner, H., Pacher, D., Kloss-Brandstätter, A., Forer, L., Specht, G., Bandelt, H. J., 

Kronenberg, F., Salas, A., & Schönherr, S. (2016). HaploGrep 2: mitochondrial haplogroup 

classification in the era of high-throughput sequencing. Nucleic acids research, 44(W1), W58–W63. 

https://doi.org/10.1093/nar/gkw233 
[76] Patterson, N., Price, A. L., & Reich, D. (2006). Population structure and eigenanalysis. PLoS 

genetics, 2(12), e190. https://doi.org/10.1371/journal.pgen.0020190 
[77] Damgaard, P. B., Marchi, N., Rasmussen, S., Peyrot, M., Renaud, G., Korneliussen, T., Moreno-

Mayar, J. V., Pedersen, M. W., Goldberg, A., Usmanova, E., Baimukhanov, N., Loman, V., Hedeager, 

L., Pedersen, A. G., Nielsen, K., Afanasiev, G., Akmatov, K., Aldashev, A., Alpaslan, A., Baimbetov, 

G., … Willerslev, E. (2018). 137 ancient human genomes from across the Eurasian steppes. Nature, 

557(7705), 369–374. https://doi.org/10.1038/s41586-018-0094-2. 
[78] Sikora, M., Pitulko, V. V., Sousa, V. C., Allentoft, M. E., Vinner, L., Rasmussen, S., Margaryan, A., 

de Barros Damgaard, P., de la Fuente, C., Renaud, G., Yang, M. A., Fu, Q., Dupanloup, I., 

Giampoudakis, K., Nogués-Bravo, D., Rahbek, C., Kroonen, G., Peyrot, M., McColl, H., Vasilyev, S. 

V., … Willerslev, E. (2019). The population history of northeastern Siberia since the Pleistocene. 

Nature, 570(7760), 182–188. https://doi.org/10.1038/s41586-019-1279-z 
[79] Mao, X., Zhang, H., Qiao, S., Liu, Y., Chang, F., Xie, P., Zhang, M., Wang, T., Li, M., Cao, P., Yang, 

R., Liu, F., Dai, Q., Feng, X., Ping, W., Lei, C., Olsen, J. W., Bennett, E. A., & Fu, Q. (2021). The deep 

population history of northern East Asia from the Late Pleistocene to the Holocene. Cell, 184(12), 

3256–3266.e13. https://doi.org/10.1016/j.cell.2021.04.040 
[80] Peter B. M. (2016). Admixture, Population Structure, and F-Statistics. Genetics, 202(4), 1485–

1501. https://doi.org/10.1534/genetics.115.183913 
[81] Lawson, D. J., van Dorp, L., & Falush, D. (2018). A tutorial on how not to over-interpret 

STRUCTURE and ADMIXTURE bar plots. Nature communications, 9(1), 3258. 

https://doi.org/10.1038/s41467-018-05257-7 
[82] Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., & Lee, J. J. (2015). Second-

generation PLINK: rising to the challenge of larger and richer datasets. Gigascience, 4(1), s13742-015. 
[83] Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based estimation of ancestry in 

unrelated individuals. Genome research, 19(9), 1655–1664. https://doi.org/10.1101/gr.094052.109 
[84] Patterson, N., Moorjani, P., Luo, Y., Mallick, S., Rohland, N., Zhan, Y., Genschoreck, T., Webster, 

T., & Reich, D. (2012). Ancient admixture in human history. Genetics, 192(3), 1065–1093. 

https://doi.org/10.1534/genetics.112.145037 
[85] Jay M., Richards M.P. (2006). Diet in the iron age cemetery population at Wetwang slack, east 

Yorkshire, UK: carbon and nitrogen stable isotope evidence. J. Archaeol. Science. 33, 653-662. 

https://doi.org/10.1016/j.jas.2005.09.020. 
[86] Haak, W., Lazaridis, I., Patterson, N., Rohland, N., Mallick, S., Llamas, B., Brandt, G., Nordenfelt, 

S., Harney, E., Stewardson, K., Fu, Q., Mittnik, A., Bánffy, E., Economou, C., Francken, M., 

Friederich, S., Pena, R. G., Hallgren, F., Khartanovich, V., Khokhlov, A., … Reich, D. (2015). Massive 

migration from the steppe was a source for Indo-European languages in Europe. Nature, 522(7555), 

207–211. https://doi.org/10.1038/nature14317 
[87] Mathieson, I., Lazaridis, I., Rohland, N., Mallick, S., Patterson, N., Roodenberg, S. A., Harney, E., 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1186/s13059-015-0776-0
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1038/s41467-018-05257-7
https://doi.org/10.1016/j.jas.2005.09.020.


 

Stewardson, K., Fernandes, D., Novak, M., Sirak, K., Gamba, C., Jones, E. R., Llamas, B., Dryomov, 

S., Pickrell, J., Arsuaga, J. L., de Castro, J. M., Carbonell, E., Gerritsen, F., … Reich, D. (2015). 

Genome-wide patterns of selection in 230 ancient Eurasians. Nature, 528(7583), 499–503. 

https://doi.org/10.1038/nature16152 
[88] Ambrose, S. H. (1990). Preparation and characterization of bone and tooth collagen for isotopic 

analysis. Journal of archaeological science, 17(4), 431-451. 
[89] Ambrose, S. H., Butler, B. M., Hanson, D. B., Hunter‐Anderson, R. L., & Krueger, H. W. (1997). 

Stable isotopic analysis of human diet in the Marianas Archipelago, Western Pacific. American Journal 

of Physical Anthropology: The Official Publication of the American Association of Physical 

Anthropologists, 104(3), 343-361. 
[90] DeNiro, M.J. (1985). Postmortem preservation and alteration of in vivo bone collagen isotope ratios 

in relation to palaeodietary reconstruction. Nature. 317, 806-809. https://doi.org/10.1038/317806a0. 
[91] Hu, Y., Ambrose S.H., Wang, C. (2006). Stable isotopic analysis of human bones from Jiahu site, 

Henan, China: implications for the transition to agriculture. J. Archaeol. Sci. 33, 1319-1330. 

https://doi.org/10.1016/j.jas.2006.01.007. 
[92] Hu, Y., Luan, F., Wang, S., Wang, C., Richards, M.P. (2009). Preliminary attempt to distinguish the 

domesticated pigs from wild boars by the methods of carbon and nitrogen stable isotope analysis. Sci. 

China D Earth Sci. 52, 85-92. https://doi.org/10.1007/s11430-008-0151-z. 
[93] Keith, D., Yuan, J., Anton, E., Umberto, A., Peter, R., Yang, M., Luo, Y. (2006). A new perspective 

for the study of the origin of the domestic pig. Archaeology(11). 74-80. 
[94] Liu, X., Jones, M.K., Zhao, Z., Liu, G., O'Connell, T.C. (2012). The earliest evidence of millet as a 

staple crop: new light on neolithic foodways in North China. Am. J. Phys. Anthropol. 149, 283-290. 

https://doi.org/10.1002/ajpa.22127. 
[95] Lv X., Ban L., Liu Y., Guan Y., Liu H., Wang C., Hou L., (2022). Pig management strategies in the 

east Liao river basin from the bronze age (c. 2000-256 BC) to the Liaojin dynasties (907-1234 AD): 

stable isotope analysis of animals at the Changshan site, Jilin Province, China. Front. Earth Sci. 10, 

883481. https://doi.org/10.3389/feart.2022.883481. 
[96] Makarewicz, C. A. (2017). Winter is coming: Seasonality of ancient pastoral nomadic practices 

revealed in the carbon (δ13C) and nitrogen (δ15N) isotopic record of Xiongnu caprines. Archaeological 

and Anthropological Sciences(9), 405-418. 
[97] Si Y., Li Z., Hu Y., Yuan J., Wang C. (2014). Hydrogen and oxygen stable isotopic analysis of 

animal bone collagen from Erlitou site, Yanshi, Henan Province. Quaternary Sciences, 34(1), 196-203. 
[98] Hou, L., Li, W., Wang, L., Guo, Y., Gao, J.,Qiao, D. (2023). Stable isotopic analysis of faunal 

remains from the Cishan site in Wuan, Hebei. Cultural Relics in Southern China (02),142-149. 
[99] Albarella U, Dobney K, Rowley-Conwy P. (2006). Documenting Domestication: New Genetic and 

Archaeological Paradigms. University of California Press, Berkeley, pp 209–227. 
[100] Wang, G., Han, J., Liu, D. (2003). The carbon isotope composition of C 3 herbaceous plants in 

loess area of northern China. Science in China Series D: Earth Sciences, 46, 1069-1076. 
[101] Liu, X., Martin J. (2014). Under one roof: people, crops and animals in Neolithic North China. 

Living in the landscape: essays in honour of Graeme Barker. McDonald Institute for Archaeological 

Research, Cambridge, pp 227–234. 
[102] Hou, L. (2019). A proxy for reconstruction of subsistence economy of the past populations on 

stable isotopic perspective. Cultural Relics in Southern China, (2), 165-183. DOI:10.3969/j.issn.1004-

6275.2019.02.018. 
[103] Ambrose, S. H. & Norr L. (1993). Experimental evidence for the relationship of the carbon isotope 

ratios of whole diet and dietary protein to those of bone collagen and carbonate. In: Lambert JB, and 

Grupe G, editors. Molecular Archaeology of Prehistoric Human Bone (Prehistoric Human Bone-

Archaeology at the Molecular Level). Berlin: Springer. pp. 1-37. https://doi.org/10.1007/978-3-662-

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1038/nature16152
https://doi.org/10.1038/317806a0.
https://doi.org/10.3389/feart.2022.883481.
https://doi.org/10.1007/978-3-662-02894-0_1.


 
02894-0_1. 
[104] Guan, L., Hu, Y., Tang, Z., Yang, Y., Dong, Y., Cui, Y., & Wang, C. (2007). Carbon and nitrogen 

stable isotope analysis of pig bones from Wanfa Bozi site in Tonghua. Chinese Science Bulletin, 

52(14), 1678-1680. (in Chinese) 

DOI:10.3321/j.issn:0023-074x.2007.14.013. 
[105] O’ Leary, M. H. (1981). Carbon isotope fractionation in plants. Phytochemistry, 20(4), 553-567. 

https://doi.org/10.1016/0031-9422(81)85134-5. 
[106] Chen, G. (2012). Huainanzi 淮南子. China Publishing House: Beijing. 
[107] Lv, P. (2024). Pigs With White Trotter: Archaeological Studies of Ancient Chinese Domestic Pigs

有豕白蹢: 中国古代家猪的考古研究. Elephant Press：zhenzhou. 
[108] Wang X., Shang X., Bian H., Hu Y. (2022).Evaluating the influence of manuring on stable isotope 

values of foxtail millet:An experimental planting Study. Quaternary Sciences(06),1806-1814. 
[109] Hedges REM, Reynard LM (2007) Nitrogen isotopes and the trophic level of humans in 

archaeology. J Archaeol Sci 34:1240–1251. https://doi.org/10.1016/j.jas.2006.10.015. 

[110] Zhang Q., Sun Y., Hou L., Ji P., Zhu Y. (2022). Carbon and nitrogen stable isotope analysis of the 

human and animalbones from the Haminmangha site. Acta Anthropologica Sinica(02),261-

273.doi:10.16359/j.1000-3193/aas.2021.0006. 
[111] Zhang X., Liu G., Wang M., Lv P., (2017). Carbon and nitrogen stable isotope analysis of human 

bones unearthed from Xinglonggou site. Cultural Relics in Southern China.(04),185-195. 
[112] Hu, Y., Wang, S., Luan, F., Wang, C., Richards, M. P. (2008). Stable isotope analysis of humans 

from Xiaojingshan site: implications for understanding the origin of millet agriculture in China. Journal 

of archaeological Science, 35(11), 2960-2965. 
[113] Barton, L., Newsome, S. D., Chen, F. H., Wang, H., Guilderson, T. P., & Bettinger, R. L. (2009). 

Agricultural origins and the iIsotopic identity of domestication in Northern China. Proceedings of the 

National Academy of Sciences of the United States of America, 106(14), 5523-5528. 

https://doi.org/10.1073/pnas.0809960106. 
[114] Dai, L., Li, Z., Zhao, C., Yuan, J., Hou, L., Wang, C., B. T. Fuller. & Hu Y. (2016). An isotopic 

perspective on animal husbandry at the Xinzhai site during the initial stage of the legendary Xia 

Dynasty (2070 – 1600 BC). International Journal of Osteoarchaeology, 26(5), 885-896. 

https://doi.org/10.1002/oa.2503 
[115] Maes, D. G., Dewulf, J., Piñeiro, C., Edwards, S., & Kyriazakis, I. (2020). A critical reflection on 

intensive pork production with an emphasis on animal health and welfare. Journal of animal science, 

98(Supplement_1), S15-S26. 
[116] Blavi, L., Solà-Oriol, D., Llonch, P., López-Vergé, S., Martín-Orúe, S. M., & Pérez, J. F. (2021). 

Management and feeding strategies in early life to increase piglet performance and welfare around 

weaning: A review. Animals, 11(2), 302. 
[117] Tao, L., Yuan, H., Zhu, K., Liu, X., Guo, J., Min, R., He, H., Cao, D., Yang, X., Zhou, Z., Wang, 

R., Zhao, D., Ma, H., Chen, J., Zhao, J., Li, Y., He, Y., Suo, D., Zhang, R., Li, S., … Wang, C. C. 

(2023). Ancient genomes reveal millet farming-related demic diffusion from the Yellow River into 

southwest China. Current biology : CB, 33(22), 4995–5002.e7. 

https://doi.org/10.1016/j.cub.2023.09.055 
[118] Wang, H., Yang, M. A., Wangdue, S., Lu, H., Chen, H., Li, L., Dong, G., Tsring, T., Yuan, H., He, 

W., Ding, M., Wu, X., Li, S., Tashi, N., Yang, T., Yang, F., Tong, Y., Chen, Z., He, Y., Cao, P., … Fu, Q. 

(2023). Human genetic history on the Tibetan Plateau in the past 5100 years. Science advances, 9(11), 

eadd5582. https://doi.org/10.1126/sciadv.add5582 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1007/978-3-662-02894-0_1.
https://doi.org/10.1016/0031-9422(81)85134-5.
https://doi.org/10.1073/pnas.0809960106.
https://doi.org/10.1002/oa.2503
https://doi.org/10.1016/j.cub.2023.09.055


 
[119] Xiong, J., Wang, R., Chen, G., Yang, Y., Du, P., Meng, H., Ma, M., Allen, E., Tao, L., Wang, H., 

Jin, L., Wang, C. C., & Wen, S. (2024). Inferring the demographic history of Hexi Corridor over the 

past two millennia from ancient genomes. Science bulletin, 69(5), 606–611. 

https://doi.org/10.1016/j.scib.2023.12.031 
[120] Ma, M., Lu, M., Sun, R., Zhu, Z., Fuller, D. Q., Guo, J., He, G., Yang, X., Tan, L., Lu, Y., Dong, J., 

Liu, R., Yang, J., Li, B., Guo, T., Li, X., Zhao, D., Zhang, Y., Wang, C. C., & Dong, G. (2024). Forager-

farmer transition at the crossroads of East and Southeast Asia 4900 years ago. Science bulletin, 69(1), 

103–113. https://doi.org/10.1016/j.scib.2023.10.015 
[121] Ping, W, Xiong, J, Fu, Q. (2024). Ancient DNA elucidates the migration and evolutionary history 

of northern and southern populations in East Asia[J]. Hereditas (Beijing), doi: 10.16288/j.yczz.24-224. 
[122] Zhang, F., Zheng, L., Lv, H., Duan, C., Ma, P., Liu, Z., Zhou, K., Tang, F., Ning, C., & Zhang, Y. 

(2024). Ancient genome analyses shed light on the origin and kinship among humans of a cliff tomb 

from southwestern China. Journal of Archaeological Science: Reports. 
[123] Yang, J. (2006).Zooarchaeological Research on the Erlitou Site in Yanshi, Henan Province. 

(Master's thesis, Graduate School of the Chinese Academy of Social Sciences). Beijing. 
[124] WANG, Q., WU, Y., HUANG, Z., ZONG, T., ZHAI, L., & LI, Y. (2022). A preliminary study of 

prehistoric subsistence economy in the southern part of Northern Shaanxi: Zooarchaeological evidence 

from field surveys in the upper Beiluohe River valley. Quaternary Sciences, 42(6), 1709-1722. 
[125] Hu, S., Yang, M., Sun, Z., Shao, J. (2016). A study of faunal remains unearthed at Shenmu Shiqian 

Site, Shaanxi, China, 2012～2013. Archaeology and Cultural Relics (04),109-121. 
[126] Sheng, P., Shang, X., Zhou, X., Storozum, M., Yang, L., Guo, X., ... & Hu, Y. (2024). Feeding 

shimao: archaeobotanical and isotopic investigation into early urbanism (4200-3000 BP) on the 

northern Loess Plateau, China. Environmental Archaeology, 29(5), 425-439. 
[127] Wang, Q. Q. (2014). Probing into palaeoenvironment and means of livelihood reflected by remains 

of animals and plants in Jinchankou site. J Qinghai Normal Uni, 6, 75-78. 
[128] Wang L. (2007). The economic pattern and environmental context of Lower Xiajiadian culture 

reflected by the excavation data of Dashanqian Site. Research of China's Frontier 

Archaeology(00),350-357. 
[129] Liu C., & Fang YM. (2010).Analysis of Plant Remains Unearthed at Wadian Site, Yuzhou, Henan, 

China .Cultural Relics in Southern China (04),55-64+47. 
[130] Guo, X. (2017).Late Longshan period livelihoods in northern Shaanxi--The botanical and faunal 

remains of the Mujuzhuliang and Shenyangyang sites as examples .Agricultural Archaeology (03),19-

23. 
[131] Wang S., Wang Z., Zhu Y. (2004). The Ecological and Climatic Environments of Lower Xiajiadian 

Culture Reflectedfrom the First Locality of Dashanqian in Chifeng City, Inner Mongolia. Huaxia 

Archaeology(03),44-51. 
[132] Chen, T., Jia, X., Li, H., & Dong, G. (2019). The analysis of spatiotemporal transformations of 

agricultural and its influence factors during Qijia culture period in GansuQinghai region. Quaternary 

Sciences, 39(1), 132-143. 
[133] Yang Y., (2014) The analysis of charred plant seeds at Jinchankou site and Lijiaping Site during 

Qijia culture period in the Hehuang. master's thesis. Lanzhou Universty. Gansu. 
[134] Zhang Q., Zhang Q., Peng S., Wang L., Zhu Y., Guo Z. (2015). Stable Isotope Analysis of the 

Human Remains from the'Sacrificial Pit' at the Dashangian Site of the Upper Xiajiadian Culture in 

Chifeng,Inner Mongolia. Archaeology and Cultural Relics(04),107-110. 
[135] Chen, X., Guo, X.,Wang, W., Hu, S.,Yang, M.,Wu, Y., Hu, Y. (2017). The subsistence patterns of 

the Shengedaliang site(~4,000yrBP)revealed by stable carbon and nitrogen isotopes in northern 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS

https://doi.org/10.1016/j.scib.2023.12.031


 

Shaanxi, China. Science China Earth Sciences, 60: 268–276, doi: 10.1007/s11430-016-5123-8 
[136] Chen, X.,Guo, X., Hu, Y., Wang, W., & Wang, C. (2015). Analysis of the Subsistence Practice at 

the Muzhuzhuliang Site in Shenmu,Shaanxi. Archaeology and Cultural Relics(5), 6. 
[137] Zhang X., Ye M., Qiu S.(2016).A preliminary discussion on the food of the ancestors at the Lajia 

site - Carbon and nitrogen stable isotope analysis of human bones excavated from the Lajia site disaster 

site. Cultural Relics in Southern China (04),197-202. 
[138] Ma, M., Ren, L., Li, Z., Wang, Q., Zhao, X., & Li, R. (2021). Early emergence and development of 

pastoralism in Gan-Qing region from the perspective of isotopes. Archaeological and Anthropological 

Sciences, 13(6), 93. 
[139] Zhou, L. (2017).A Study of the Tombs and Society of the Henan Longshan Culture by Means of 

Stable Carbon and Nitrogen lsotope Analysis.Huaxia Archaeology (03),145-

152.doi:10.16143/j.cnki.1001-9928.2017.03.012. 
[140] Chen, X. L., Fang, Y. M., Hu, Y. W., Hou, Y. F., Lü, P., Yuan, J., ... & Richards, M. P. (2016). 

Isotopic reconstruction of the Late Longshan Period (ca. 4200–3900 BP) dietary complexity before the 

onset of state‐level societies at the Wadian site in the Ying River Valley, Central Plains, China. 

International Journal of Osteoarchaeology, 26(5), 808-817. 
[141] Chen, X., Yuan, J., Hu, Y., He, N., Wang, C., Chen, X. (2012). A preliminary exploration to the 

domestic animal raising strategy: the evidences from carbon and nitrogen isotope analyses. 

Archaeology. 9, 75-82. 
[142] Zhang, X., Zhao, C. (2015). Carbon and nitrogen stable isotope analysis of some animal bones 

unearthed from the Xinzhai site. Cult. Relics South. China. 232-240. 
[143] Wu, X., Xiao, H., Wei, C., Pan, Y., Huang, Y., Zhao, Q., Xu, X., Nives, O. (2007). Food structure 

and agricultural pattern of humans and pigs at the Xinzhai site and stable isotopes of domestic pig 

domestication. Archaeomerty. 49-57. 
[144] Zhang Q., Eng J. T., Wang L., Ta L. (2008). Paleodiet studies using stable carbon isotopes from 

human bone sample: example from Jinggouzi cemetery, Inner Mongolia. Research of China's Frontier 

Archaeology,(07), 322-327. 
[145] Deng, Z., Zhang, H., Li, W., Liang, F., & Cao, Y. (2021). A preliminary study of early agriculture 

practices at the Haojiatai site in Luohe city, Henan Province. Science China Earth Sciences, 64, 307-

317. 
[146] Li, W., Zhou, L., Lin, Y., Zhang, H., Zhang, Y., Wu, X., ... & Liang, F. (2021). Interdisciplinary 

study on dietary complexity in Central China during the Longshan Period (4.5–3.8 kaBP): New 

isotopic evidence from Wadian and Haojiatai, Henan Province. The Holocene, 31(2), 258-270. 
[147] Luo, Y. (2009). Pig's raising and using ritually in Dadianzi site. Research of China's Frontier 

Archaeology(00),288-300. 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS


