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Abstract China is one of the main global centers of origin of agriculture. Foxtail millet (Setaria italica), common millet
(Panicum miliaceum), and rice (Oryza sativa) were the first crops to be domesticated in China. There remain many uncertainties
and controversies in our current understanding of the chronology, locations, and plant types at the origins and the process of
evolution of prehistoric millet and rice farming, and their relationships with climate change and human adaptation. This review
summarizes the research progress made by Chinese scientists over the last decade on the origins and evolution of prehistoric
agriculture. It highlights novel techniques and methods for identifying early crop remains, including plant macrofossils
(carbonized seeds, spikelets), microfossils (phytoliths, calciphytoliths, starch, pollen), and biomarkers; new evidence on the
origins, development, and spread of early agriculture; and research related to climate and environmental changes. Further, we
pinpoint and discuss existing challenges and potential opportunities for further in-depth investigation of the origins and evolution
of agriculture and the adaption of human activities to climate change.
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1. Introduction
Increasing evidence points to the fact that in the last deglaciation (ca. 19000–11000 a BP), during a sharp rise in global
average temperatures (approximately 7–9°C) (Clark et al.,
2009; Lu et al., 2007; Wang, 2011), humans transitioned from
hunter-gatherers to primitive agricultural societies in three
central areas in the world: China, West Asia, and Central
America (Crawford, 2006; Yan, 1982). This period marked
the beginning of a new era, where humans controled and created their food resources. The origin of agriculture is a key
event in the historical development of human societies, and
the prospering of agriculture forged a new path for human
* Corresponding author (email: houyuanlu@mail.iggcas.ac.cn)
© Science China Press and Springer-Verlag GmbH Germany 2017

evolution. For more than 10000 years, climate change and
agricultural development accelerated the evolution of human
societies, which gave rise to diverse eastern and western civilizations (Bellwood, 2005). In China, two main agricultural
systems emerged, namely rice farming in the south and millet
farming in the north, which nurtured a long history of farming culture (Yan, 1982), its far-reaching impact persisting until the present day.
Why did primitive agriculture emerge simultaneously in
several mid-to-low-latitude areas around the world during the
last deglaciation-Holocene climate warming? Dozens of theories have been proposed to explain the processes and mechanisms underlying crop domestication by humans. These include the evolutionary theory, oasis theory, population pressure theory, and social revolution theory (Bellwood, 2005;
earth.scichina.com
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Crawford, 2006; Zhang, 1987). These theories, regardless of
whether they involve active or passive crop domestication by
humans, are all subjected to limitations in research materials, methods, and disciplines. Hence, many hypotheses and
speculations exist in our understanding of the last deglaciation-Holocene climate warming process, and the mechanisms
of human adaption and agricultural origins (Bar-Yosef, 1998;
Crawford, 2006). Specifically, it remains unclear what are the
differences and similarities in the origins and patterns of rice
farming and millet farming in China, what were the effects
of climate and environmental changes, and what were their
effects on the development of prehistoric civilizations.
The key issues currently influencing in-depth investigation
of the origins and evolution of prehistoric agriculture lie in a
few areas, namely, research materials, methods, and mechanisms. With regard to research materials, the earlier the
crop, the scarcer and more susceptible to decomposition and
podzolization its macrofossils will be, making it difficult or
impossible to find such materials (Harvey and Fuller, 2005;
Pearsall, 2015; Piperno, 2006). For a long time, plant macrofossil evidence (e.g., carbonized seeds) of crops and wild
relatives older than 8000 a BP was rarely discovered in the
southern rice-farming and northern millet-farming regions of
China. Thus, it was difficult to gain a comprehensive and
accurate understanding of early agricultural origins/developmental processes. In terms of research methods, owing to the
lack of accurate identification markers for plant fossils, the
questions on agricultural origins, evolution, and spread have
mostly been deconstructed into debates over whether the materials are wild, gathered, cultivated, or domesticated, of different stages and types, and whether there were multiple centers or a single center of origin (Deng et al., 2015; Fuller et
al., 2009; Liu et al., 2007). With regard to multidisciplinary
research, there is a particular lack of integrated research under precise chronological control on the paleoclimatic, paleoenvironmental, and geomorphological evolutionary backgrounds of archeological sites. Thus, from a spatiotemporal
perspective, it is difficult to understand the origin and spread
of agriculture, and the human adaptation process and mechanism within the context of climatic/environmental changes.
In recent years, the international academic community
has emphasized the innovation of analytic and identification methods for crop remains in archeological sites and
sedimentary strata (Ball et al., 2016; Miller et al., 2016;
Pearsall, 2015; Piperno, 2006). In particular, progress has
been made in the use of microfossils (phytoliths, starch,
pollen) (Ball et al., 2016; Pearsall, 2015; Woodbridge et
al., 2014) and biomarkers (proteins, isotopes, molecular
compounds, DNA) (Dallongeville et al., 2015; Izawa et al.,
2009) for the differentiation of crops and wild ancestors,
which has led to the publication of several important monographs (Pearsall, 2015; Piperno, 2006). Some of the new
methods and techniques have been published online, and
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have been rapidly enhanced, enriched, and disseminated.
For example, Professor Pearsall of the Paleoethnobotany
Laboratory, University of Missouri, USA, has established
a phytolith database (http://phytolith.missouri.edu); Professor Dorian Fuller of the University College London has
established an archaeobotanical database (http://www.homepages.ucl.ac.uk/~tcrndfu/phytoliths.html); and Dr. Linda
Perry has set up a website on the international code for starch
nomenclature (http://www.fossilfarm.org/ICSN/Code.html).
These efforts have promoted more in-depth research in
agricultural archeology.
Researchers in China have applied multiple indicators and
measures in agricultural archeology and have thus achieved
a number of critical results, especially in crop analysis and
identification (Lu et al., 2005; Yang et al., 2012b; Zhang et
al., 2011, 2012; Fan et al., 2011; Gu, 2009; Jin et al., 2007;
Liu and Kong, 2004; Qin, 2012; Zhang et al., 2004; Zhao,
2014; Zheng et al., 2007). In recent years, numerous studies
supported by the Chinese Academy of Sciences Strategic Priority Program, the Ministry of Science and Technology 973
Program, the National Natural Science Foundation, and the
National Social Science Foundation, have focused on prehistoric agriculture, climate change, and human adpatation in
China. These studies have conducted research from different perspectives, in different areas and time periods, and especially, using different methodologies (Ge et al., 2016; Gu
et al., 2013; Jin et al., 2014; Lu et al., 2009a, 2009b; Wu
et al., 2014; Yang et al., 2012b; Zhang et al., 2012; Hou
et al., 2016; Li, 2013; Qiu et al., 2016; Yang et al., 2016;
Zhang D J et al., 2016; Zhang S Q et al., 2016). Some of
these achievements are focused on: (1) using scientific methods to discover, differentiate, and identify early wild/domesticated crops; (2) clarifying the process of early spatiotemporal changes in agriculture; (3) establishing chronologically
accurate relationships between climate change and agricultural origins, human activities, and other aspects. This article
will focus on recent progress in these fields achieved by Chinese scientists by using new methods.

2. New methods for crop analysis and identification
Along with scientific and technological advances, the identification of crop “fossils” has gradually developed from
determining grain morphology of macrofossils (e.g., carbonized seed grains) to determining cellular morphology
of macrofossils, morphology of microfossils (phytoliths,
starch), and molecular and genetic biomarkers (Pearsall,
2015; Piperno, 2006). These research methods have one
thing in common: they allow analyzing large quantities of
plant samples to identify repeatable and detectable markers. Moreover, these markers can be preserved for a long
period in strata. The research objectives are dual. The first
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objective is the differentiation of plant species, e.g., the
differentiation between carbonized seeds of foxtail millet
(Setaria italica, known as Guzi if unhusked, and Xiaomi if
husked) and common millet (Panicum miliaceum, known
as Meizi if unhusked, Dahuangmi if husked, and Jizi for
non-sticky common millet), or of barley (Hordeum vulgare)
and common wheat (Triticum aestivum). The second objective is the differentiation between domesticated crops and
wild ancestors, based on, e.g., carbonized seeds of wild and
domesticated rice.
2.1 New developments in identification markers of plant
macrofossils
In the application of the flotation method for the recovery of
seeds from archeological sites (Zhao, 2014) and the identification of carbonized plant seeds, illustrations of seeds of
modern Chinese crops and weeds (Guo et al., 2009; Liu et
al., 2008; Guo, 1998; Yin and Yan, 1996; Zhao, 2014) are of
great assistance. However, there is a large discrepancy between morphological features of modern plants and those of
carbonized grains (Liu and Kong, 2004). Hence, the identification of morphological features and burial processes of carbonized grains in paleoethnobotany still requires extensive
work.
2.1.1 Identification features of spikelet base abscission zone
and vascular bundles in wild and domesticated rice
Progress has been made in the identification of carbonized
rice grains (Chen et al., 1995; Zhao, 2014). However, there
remain many uncertainties in the use of carbonized grains to
determine whether the rice is wild or domesticated. Rice domestication involves more than 20 morphological and phys-

Figure 1
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iological trait changes (Ou et al., 2012; Zheng et al., 2016a).
One of the most important changes is the reduction in seed
shattering, which directly affects spikelet base morphology.
By examining the morphological features of carbonized rice
spikelet bases, Fuller et al. (2009) found that the spikelet base
of domesticated rice had an uneven profile, dimpled appearance, and rather unsymmetrical scars. In contrast, wild-type
rice had a continuous profile at the spikelet base, smooth and
round abscission scars, and a small, distinct vascular bundle.
Zheng et al. (2016a, 2016b) further investigated spikelet base
abscission-zone and vascular-bundle structures, and found
differences in the spikelet base structures of wild rice, domesticated rice, Indica rice (Oryza sativa subsp. indica), and
Japonica rice (O. sativa subsp. japonica) (Figure 1). The
morphological features from wild to domesticated are as follows: gradual disappearance of abscission zone→degeneration of abscission cells into vascular bundles with scattered
distribution→dense distribution of vascular bundles. These
results represent a major breakthrough in rice identification
in agricultural archeology. Further investigations of spikelet
bases from the Huxi site in Zhejiang (prior to 9000 a BP) indicated that they had incomplete abscission zones, their abscission cells had degenerated to vascular bundles with a scattered distribution, and features of Japonica rice were present
but were underdeveloped. It was also found that during the
Hemudu culture prior to 7000 a BP, rice spikelets showed typical abscission features of Japonica rice, indicating that rice
domestication was a long process involving continuous scattering reduction and increasingly obvious Japonica rice features.
Nevertheless, rice spikelet bases are often not well preserved in early strata. Hence, it is very difficult to establish

Spikelet base abscission zone/vascular bundle structures of wild rice, Indica rice, and Japonica rice. From Zheng et al. (2016a, 2016b).
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the evolutionary sequence of rice domestication. Furthermore, there is a need for specific quantitative indicators for
the observation and classification of spikelet base abscission
zones and vascular bundles.
2.1.2 Morphological identification features of wild and domesticated soybean carbonized grains
Although the academic community generally acknowledges
that soybean (Glycine max) originates from China (Zhao and
Yi, 2004), there is a lack of archeological evidence for the
transition from wild to domesticated soybean. Through carbonization experiments on a large number of modern wild
and domesticated soybeans, Zhao and Yang (2017) discovered an important identification marker: after carbonization
of domesticated soybean, the majority of hulls fall off completely, while after carbonization of wild soybean, the hull
will show signs of bursting, but will never fall off. Based on
this finding, they established identification standards for carbonized wild and domesticated/cultivated soybeans (Table 1).
The fact that domesticated soybean has hulls that shed more
easily might be related to its selection by humans for cooking
and eating. Further identification of the carbonization morphology of soybeans from the Jiahu site in Henan showed
that carbonized beans were full, and their hulls showed severe
shedding, suggesting the emergence of domesticated soybean
features (Zhao and Yang, 2017). This implies that the origins
of domesticated soybean in China can be traced back to before ca. 8000 a BP, and provides archeological evidence for
the origins of soybean in China.
There is a large variety of wild and cultivated soybeans in
China that require further in-depth research to obtain quantifiable identification and especially, domestication indicators,
which will facilitate accurate investigation of the soybean domestication process in future.
2.1.3 Preliminary analysis of foxtail and common millet
carbonization and its significance in millet-farming research
When plants and seeds are heated (by fire) and undergo carbonization, their composition remains extremely stable and
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can be preserved in strata for a long time. Non-carbonized
plants that are rich in organic matter will rapidly be oxidized
and decomposed in strata (Yang et al., 2011). Hence, longterm preservation is especially infrequent in the warm and
humid areas of eastern China. Naturally, organic matter subjected to heating above carbonization temperatures will have
been oxidized-podzolized into ashes and thus have lost its
morphological features. Therefore, plant macrofossils obtained by flotation techniques have all been preserved owing to heating by fire and carbonization. Some researchers
have performed carbonization analysis on seeds from different crops to examine whether there are differences in the temperature range for and process of carbonization, and whether
these factors influence the determination of excavated carbonized plant types and content (Märkle and Rösch, 2008;
Wang Q et al., 2015).
In the archaeological records of millet farming in the Yellow River Basin, Neolithic sites mainly harbor foxtail millet remains, whereas common millet is rarely reported (Chen,
2002; You, 1993). Recent findings based on archeological
flotation were also predominantly foxtail millet. Hence, it is
believed that foxtail millet has played a leading role in the
evolution of Chinese agricultural civilization. Nevertheless,
some scholars have found that the archeological and historical records of carbonized grains of foxtail and common millet
from the Central Plains are inconsistent with their microfossil records. In historical documents, common millet is mentioned far more frequently than foxtail millet in oracle bone
scripts and the Classic of Poetry (Chen, 2002; Chen, 2000;
Zhang et al., 2010a). Recent analysis of carbonized seeds and
phytoliths obtained by flotation at a single site indicated that
the ratio of common to foxtail millet in carbonized seeds was
far lower than that in phytoliths (Wang C et al., 2015; Wang,
2016). Hence, different indicators led to different results.
Zhang et al. (2010a) analyzed the phytolith yields of modern foxtail and common millet seeds, which showed that the
same weight of modern foxtail and common millet seeds,
lemmas, and paleas resulted in essentially the same phytolith
yield (approximately 450000 phytoliths/gram dry weight).

Identification markers for carbonized wild/domesticated soybeans from archeological excavations (based on Zhao and Yang, 2017)
Wild soybean

Cultivated (domesticated) soybean

Seed morphology

Flatter, kidney-shaped or oblate; no obvious
deformation after carbonization

Full, oblong or spherical; obvious deformation after
carbonization, with swelling and even bursting

Seed size

Smaller, with higher length-to-width and length-to-height
ratios. Slight shrinking after carbonization

Larger, with lower length-to-width and length-to-height
ratios. Slight shrinking after carbonization

Hull features

Hull surface is covered by a pulpy layer that is dull and
dark when observed by microscopy. Cracks emerged after
carbonization, but hulls were well preserved overall

Smooth hull surface, glossy when observed by microscopy.
Hull shows severe bursting and shedding after carbonization,
residual hulls will adhere in patches to the seeds

Cotyledon features

Low lipid content, dull when observed by microscopy.
Generally will not burst after carbonization

High lipid content, glossy when observed by microscopy.
Will burst after carbonization, and irregular pits
can be seen at cracks

Hilum features

Smaller in size, no significant changes after carbonization

Larger in size, no significant changes after carbonization
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Hence, phytolith content reflects the relative yield (weight)
of foxtail and common millets to a large extent. Wang
(2016) further experimented on the carbonization temperature range of modern foxtail and common millet seeds, and
found that under normal atmospheric oxidation conditions,
the carbonization temperature range of foxtail millet was
275–350°C, which was far higher than that of common millet
(250–295°C). This implies that common millet had a far
lower probability of being preserved by carbonization than
foxtail millet, and the content of common millet based on
flotation findings may have been underestimated. Current
evidence indicates that common millet was the first species
to be domesticated in northern China (Lee et al., 2007; Lu et
al., 2009b). However, it is unclear whether foxtail or common millet dominated during the Mid-Holocene to Yangshao
culture (7000–5000 a BP), and whether there were regional
differences. To gain a better understanding of the structure
and development of millet farming, further research must be
conducted to determine if common millet played a leading
role in primitive agriculture.
2.2 New developments in identification markers of plant
microfossils
Plant microfossils that are most commonly used in agricultural archeological analyses include phytoliths, calciphytoliths, starch, pollen, and charcoal cells. Rapid progress is
currently being made in phytolith (Piperno, 2006; Kondo,
2010; Wang and Lu, 1993) and starch (Hart and Wallis, 2003;
Yang et al., 2012a) analyses.
Phytoliths are silica structures that fill the cells and tissues
of higher plants. Owing to their strong resistance to weathering and burning, and high yield, they have become increasingly important in plant species classification, especially in
areas where plant organic matter is prone to decay and podzolization. For example, phytolith evidence played a decisive
role in research on the origins of maize in Central America
(Piperno, 1984) and of bananas in Southeast Asia (Ball et al.,
2006).
Starch is an important substance in virtually all crops and
is stored in the form of starch grains in the cytoplasm of
parenchyma cells in plant roots, stem, seeds, and other organs (Piperno et al., 2009; Torrence and Barton, 2006). As
starch grains have different morphological features in different species, they can be used for species identification.
Starch grains are semi-crystalline structures that can be preserved for millions of years on the surfaces of production and
subsistence tools left by primitive humans, and even in dental plaque, and thus enable studying ancient plant utilization
(Yang et al., 2012a)
Chinese scholars have made important contributions over
the past few years in phytolith, calciphytolith, starch grain,
and pollen analysis (Gu et al., 2013; Huan et al., 2015; Jin et
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al., 2014; Lu et al., 2005; Wu et al., 2014; Yang et al., 2015b;
Zuo et al., 2016; Jin et al., 2007; Li et al., 2007; Lu et al.,
2015; Tao et al., 2009; Huan et al., 2014; Yang et al., 2009a;
Yang et al., 2016; Zhang et al., 2016; Zhang et al., 2010a;
Zhao and Mao, 2015; Zheng et al., 2013).
2.2.1 Phytolith morphological features of spikelet epidermal long cells in foxtail millet, common millet,Echinochloa,
and Setaria
Foxtail and common millets were the earliest dry-farming
crops to be domesticated in Eurasia (Diao and Jia, 2017;
Diao, 2011). Foxtail and common millets have small seeds,
with similar morphologies. Hence, in early archeological
reports, carbonized seeds of foxtail and common millets
were rarely discriminated, and they were often simply referred to as “millets” or “millet group.” The development
of identification markers has enabled the discrimination of
foxtail and common millet seed remains (Liu and Kong,
2004). However, records are mostly limited to archeological
sites after 8000 a BP. For early Neolithic sites, the discovery
and differentiation of foxtail and common millets is difficult
to achieve because of extensive decomposition and podzolization, which in turn has limited research on early millet
farming.
Phytolith morphological analysis has provided a feasible
and effective solution to the above problems. Lu et al.
(2009a) used phase-contrast and interferometric microscopy
to observe anatomical features and silicon deposition structures of glumes, lemmas, and paleas from inflorescence
bracts of more than 100 types of modern foxtail millet,
common millet, and closely related grasses. They found
five phytolithic morphological features that can be used to
differentiate foxtail from common millet (Figure 2), specifically: (1) with respect to the morphology of phytoliths in the
glumes and lower lemma, foxtail millet showed cross-shaped
phytoliths, whereas common millet showed dumbbell-shaped
phytoliths; (2) with respect to the presence of papillae in the
upper lemma and palea, foxtail millet had papillae, whereas
common millet did not; (3) with respect to the long-cell undulation patterns of the upper lemma and palea, foxtail millet
was Ω-undulated and common millet showed η-undulation,
which was divided into three subtypes, with the third subtype
being mostly located in the center of the lemma and palea; (4)
with respect to the ending morphology of silicified epidermal
long cells, foxtail millet had the cross-wavy type, whereas
common millet had the cross-finger type; (5) simultaneous
silicification of the surface keratose layer and long cells of
the upper lemma often led to rippling morphology in foxtail
millet, and serrated or spotted morphology in common millet. Comprehensive consideration of these five features will
provide a standard for differentiating archeological remains
of foxtail and common millet based on phytoliths.
Among the weed species Setaria sp. and Echinochloa sp.,
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Figure 2 Phytolith morphological features of the lemma and palea of foxtail and common millets. (a) Three subordinate subtypes of Ω-undulated
phytolith morphology of upper lemma and palea in foxtail millet. (b) Three
subordinate subtypes of η-undulated phytolith morphology of upper lemma
and palea in common millet. (c) Cross-wavy endings of silicified epidermal
long cells in the upper lemma and palea of foxtail millet. (d) Cross-finger
endings of silicified epidermal long cells in the upper lemma and palea of
common millet (from Lu et al., 2009a).

Setaria viridis is the wild ancestor of foxtail millet. As the
size and morphology of carbonized seeds of these species are
very similar to those of foxtail and common millets, identifying phytolith morphological features that can differentiate
foxtail and common millets from Setaria sp. and Echinochloa
sp. is pivotal in investigating the origins of millet farming.
Zhang et al. (2011) and Ge et al. (2016) analyzed the morphology of spikelet epidermal long cells in modern dry-farming crops (foxtail, common, and Echinochloa sp.) and several
Setaria sp. They found that Echinochloa sp. have β-type phytolith morphological features. However, as the wild ancestor
of common millet is still unknown (Hunt et al., 2014), there
are many uncertainties regarding the time and background of
its origins. The so-called wild common millet (P. miliaceum
ssp. ruderale (Kitag) Tzve) or wild millet that can be found
in the present day is regarded as a regressed variety of cultivated common milled.
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ticated rice (Gu et al., 2013; Pearsall et al., 1995; Wang and
Lu, 2012), which has limited the application of phytoliths in
investigating the origins of early rice.
Zhao et al. (1998) systematically measured morphological
parameters of double-peaked phytoliths from husks of Asian
wild Oryza species and a variety of traditional Oryza sativa
cultivars. Based on discriminant analysis, they established a
discriminant function to distinguish between double-peaked
phytoliths of wild and cultivated rice with very high probability of discrimination. Their method has been widely applied by academic peers in China and abroad (Atahan et al.,
2008; Ball et al., 2016; Wang and Lu, 2012). Under normal
circumstances, the content of bulliform phytoliths in strata is
higher than that of double-peaked phytoliths. Hence, the use
of bulliform phytoliths for the discrimination of wild and cultivated rice has been thoroughly investigated. Lu et al. (2002)
found that there are generally 8–14 scale-like decorations on
the lateral side of bulliform phytoliths in rice, most of which
have ≥9 scale-like decorations, whereas the scale-like decorations on the lateral side of bulliform phytoliths in wild rice
are generally <9 (Figure 3a). Therefore, it is very difficult to
distinguish wild and cultivated rice based on a single or few
bulliform phytoliths.
Huan et al. (2015) examined bulliform phytoliths in 63
soil samples from wild and domesticated rice paddies in
China. They found that the proportion of bulliform phytoliths
with ≥9 scale-like decorations in wild rice soil samples was
17.46±8.29%, whereas that in domesticated rice soil samples
was 63.70±9.22% (Figure 3b). This implies that the proportion of bulliform phytoliths with ≥9 scale-like decorations
might be a marker differentiating wild and domesticated rice
and might reflect the degree and rate of rice domestication to
a certain extent. For example: by determining the content of
bulliform phytoliths with ≥9 scale-like decorations M(%),

2.2.2 Advances in identification features of phytolith morphology of domesticated and wild rice
Research on the origins and spread of rice farming has shown
that rice has three types of phytoliths: dumbbell, doublepeaked, and bulliform (Fujiwara, 1976; Kondo, 2010; Lu et
al., 1996; Wang and Lu, 1993). This has crucial implications
on the discovery and identification of rice remains. However,
there is still a lack of widely recognized standards for the use
of rice phytoliths in differentiating between wild and domes-

Figure 3 Features of bulliform phytoliths in wild and domesticated rice.
(a) Morphology of bulliform phytoliths in wild and domesticated rice. (b)
Contents of bulliform phytoliths in wild and domesticated rice paddy soil.
From Lu et al. (2002); Huan et al. (2015).
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one could in theory calculate the proportion of complete
rice domestication F(%). Thus, M=F×63%+(1–F)×17%,
F=(M–0.17%)/(63%–17%). If M=40%, then F=0.5=50%.
This is similar to using organic carbon isotopes to calculate
the C3 and C4 biomass contribution in soils.
There is ongoing discussion on how to use the number
of scale-like decorations in bulliform phytoliths to reflect
the mechanisms underlying the degree of rice domestication
(Huan et al., 2015). Bulliform phytoliths in Poaceae occur in
motor cells (also known as bulliform cells) and function in
controlling leaf curling through rapid water loss to regulate
leaf transpiration. Hence, they are related to the drought
resistance of plants. A possible mechanism is that during
the evolution of wild to cultivated and domesticated rice,
the probability of growing in locations away from water
increased, which enhanced the curling function of bulliform
cells, thereby promoting the increase in scale-like decorations. This, to a certain extent, indicates the extent of human
intervention with respect to domestication.
2.2.3 Calciphytolith analysis and its application in the identification of economic crops
Calciphytoliths are calcium oxalate crystals that mainly exist
as calcium oxalate monohydrate (CaC2O4·H2O, COM, monoclinic system). They are one of the most common microbody minerals found in virtually all higher plants (Zhang et
al., 2014; Li et al., 2012). Calciphytoliths are formed extensively in idioblasts of plant roots, stem, leaves, flowers,
fruits, bracts, seeds, and other organs. They can be stably preserved for a long period in a variety of sediments, including
the ash layer and animal waste. As crystal morphology varies
among and within plant species, calciphytoliths, similar to
phytoliths, can be used to identify family, genus, species,
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and even different organs of plants. Zhang et al. (2014) analyzed calciphytolith morphology in 45 samples of modern
tea (Camellia sinensis), Theaceae, and non-Theaceae plants.
They identified calciphytolith morphological and compositional features of tea leaves, of which druses and trichome
base were the most distinctive identification features (Figure
4): (1) tea calciphytoliths were all druses, with a diameter of
11.65–3.64 µm, and had the smallest diameters in all samples;
(2) the trichome base had four distinctive straight and regular
cracks, similar to a regular extinction cross; (3) druses were
present together with trichome bases. These morphological
features provide identification standards for the differentiation of tea from other plants.
Lu et al. (2016) analyzed phytolith, calciphytolith, and
biological markers of plant samples from Gurgyam Cemetery in Ngari district, western Tibet, and Han Yangling Mausoleum in Xi’an. They found that all archeological plant samples possessed calciphytoliths that can only be found simultaneosly in tea leaves rich theanine and caffeine. Thus, they
were able to verify that the plant remains were tea leaves. As
the samples were from 1800 a BP (Gurgyam Cemetery) and
2100 a BP (Han Yangling Mausoleum), this is currently the
earliest evidence of tea in the world.
2.2.4 Breakthroughs in starch grain identification markers
for foxtail millet, common millet, and Triticeae
Since the late 1980s, starch analysis has gradually become an
important research method that has allowed many important
achievements in Europe, the USA, and Australia (Hart and
Wallis, 2003; Piperno et al., 2009). As certain plant organs
(e.g., tubers) do not produce phytoliths, starch analysis can
compensate for the shortcomings of macro-plant remains and
phytolith analysis (Piperno et al., 2004; Torrence and Barton,

Figure 4 Tea leaf calciphytolith morphology and parameter features. (a) Three morphological features of tea phytoliths: (1) druses; (2) presence of druses
together with trichome bases; (3) trichome bases have four distinctive straight and regular cracks. (b) Ranges of druse size of calciphytoliths in tea leaves and
closely related plants (see original article for sample numbers; from Zhang et al., 2014).
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2006). The earliest application of starch grain analysis in
agricultural archeology in China was in the identification of
millet noodles from 4000 a BP (Lu et al., 2005). However,
basic research in this area was very limited in China (Yang et
al., 2005)
Over the past decade, Yang et al. (2012b, 2013, 2015b)
have collected more than 1000 modern plant samples and subjected these to systematic morphological analysis. They established a Chinese starch grain morphological database for
modern plants (http://cmsgd.igsnrr.ac.cn/), including plants
from more than 30 families, 100 genera, and 300 species. The
database essentially covers a variety of crops and their wild
ancestors, medicinal plants, and other economic wild crops.
It has laid the foundation for research on ancient starch grains
to analyze the origins and spread of East-Asian agriculture.
To improve the resolution of starch identification to the
genus or even the species level, Yang et al. have collected and
analyzed an extensive amount of starch grain morphological
data from plants of millets (Setaria, Panicum), Echinochloa,
Coix, and the Triticeae tribe. Based on these data, they have
established starch grain morphological keys for the identification of foxtail millet, common millet, their wild ancestors,
and Triticeae. The identification keys also enable identification of the Triticeae tribe at the species level (Yang and Perry,
2013; Yang et al., 2012a). This work has deepened the research on starch archaeobotany in China (Yang et al., 2013;
Yang et al., 2012b; Yang et al., 2015b; Liu et al., 2010; Tao,
2011; Wu, 2015; Yang, 2017; Yang et al., 2009b; Yang et al.,
2015).
2.2.5 Advances in pollen identification of Poaceae crops
Pollen analysis is an effective method for investigating human activities, agricultural archeology, and climate and environmental changes (Zhou, 2002). The majority of crops
belong to the Poaceae family. The more than 10000 species
in this family all have spherical pollen that are very similar
in morphology. Therefore, substantial effort has been made
to investigate the use of pollen analysis in the identification
of Poaceae crops. Conventional light microscopy, phasecontrast microscopy, scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) have been used
to comprehensively analyze pollen morphological features
(Hesse et al., 2009; Pearsall, 2015). At present, only maize
(Zea mays) pollen, with grain size above 60–70 μm, can be
clearly identified (Fearn and Liu, 1995), and few markers are
available for the identification of Poaceae crops. Some techniques (e.g., TEM) require complex operations and expensive
equipment, which hampers their widespread application.
Pollen grains of Poaceae crops are generally larger than
those of wild Poaceae plants. Different researchers have attempted to use Poaceae pollen greater than 35–40 and even
45 μm (Faegri and Iversen, 1992; Wang and Wang, 1983; Xu
et al., 2010) as markers of Poaceae crops, and high pollen con-
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tent in archeological strata (>15–20%) indicates past agricultural activity. However, different researchers have proposed
different standards for the crop pollen sizes.
In a recent study, Mao and Yang (2015) analyzed the pollen
morphology of foxtail millet, common millet, rice, emmer
wheat (Triticum dicoccum), durum wheat (Triticum durum),
common wheat (Triticum aestivum), barley (Hordeum vulgare), grain sorghum (Sorghum bicolor), and maize, and
related wild plants, including green foxtail, common wild
rice (Oryza rufipogon), and Tausch’s goatgrass (Aegilops
tauschii). Figure 5 shows that pollen size varies among these
crops. Maize pollen is greater than 70 μm, which is consistent with previous reports (Fearn and Liu, 1995). Wheat
pollen is 53–65 μm, which is significantly larger than pollen
of barley and wild Tausch’s goatgrass (35–50 μm). Rice
and wild rice have a similar pollen size of 30–45 μm, and
cannot be differentiated. Pollen size in foxtail and common
millets is 25–40 μm, which is larger than that of green foxtail
pollen (20–33 μm), but there is no absolute demarcation
line. Therefore, in different crop distribution areas, it can be
considered to use different judgment marks, unable to use a
unified symbol to determine whether there is a crop.
2.3 New developments in biomarkers
As biomarker compounds essentially preserve the carbon
skeleton of the original biological and biochemical components, records of information related to original biological
materials have been widely used in paleoecology, paleoenvironmental, and paleoclimate research. In agricultural
and environmental archaeology, four types of biochemical
components, proteins, carbohydrates, lipids, and lignin, have
been used as biomarkers (Peters et al., 2011; Xie et al., 2003).
Among these, lipids and proteins (nucleic acids) are the most
widely applied.
2.3.1 Advances in protein biomarkers
Proteins are crucial components of plants and animals. Organic residues produced during the utilization of plants and
animals generally contain protein, which provides substantive information for the analysis of plant and animal utilization. The maturation of proteomics technologies is inseparable from the gradual expansion of protein databases. Proteomics was applied to the analysis of archeological remains
only early this century (Solazzo et al., 2008). Proteomics
can help us to identify the species and type of proteins contained in samples, with the latter often being related to the
protein source. This is the unique advantage of proteomics.
For example, animal flesh, skin, blood, bone, horn, milk,
fur, and other organs often contain different types of proteins. Hence, proteomics can be used to determine the protein source by identifying protein type, which is critical to
uncovering the development in animal product usage by ancient peoples. Proteomics was applied in a recent study of
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Figure 5 Pollen diameters and morphology of common crops and wild Poaceae plants (from Mao and Yang, 2015). (a) Distribution ranges of pollen diameters
in 13 crops and Poaceae. (b) Pollen morphology in common crops and wild Poaceae: 1. Maize (Zea mays), 2. Barley (Hordeum vulgare), 3. Grain sorghum
(Sorghum bicolor), 4. Millet (Setaria italica), 5. Weed, 6. Emmer wheat (Triticum dicoccum), 7. Common wheat (Triticum aestivum), 8. Oryza sativa (JX)
(from Mao and Yang, 2015).

solid dairy products from 3600 a BP in the Xiaohe cemetery in
Xinjiang. The majority of samples contained cheese proteins
and trace amounts of Lactobacillus kefiranofaciens, which
indicated that they were kefir cheese samples (Yang et al.,
2014).
The protein contents of plant roots, stem, and leaves are
very low, whereas seeds are relatively rich in protein. Processed products of plant seeds (e.g., food and oil crops) may
retain seed proteins. For instance, wheat flour was identified
as the binding material in the mortar (ground layer) of the
color paint of the Old Summer Palace in Beijing (Rao et al.,
2014). While the biological information contained in proteins
(and nucleic acids) is relatively rich among all biomarkers,
they are less well preserved in archeological sites or strata
than other biomarkers because they are less stable.
2.3.2 Advances in identification biomarkers based on lipid
molecules
Compared to proteins, lipids are more stable in stratal deposits and can be preserved for a longer time in diverse
environments, but they carry less biological information.

In current agricultural archeology, paleoecology, and paleobotany, the most frequently investigated biomarker compounds are lipid molecules (Lai, 2001), including alkanes,
aromatic hydrocarbons, acids, alcohols, ketones, and esters.
Studies generally analyze the type, content, and distribution
of these biomarker compounds, species-specific biological
molecules or molecular combinations (usually of small
organic molecules), and their derivatives from processing
and burial with the aim to determine the biological origins
of the residues. Biomarkers in ancient residues first have to
be extracted using suitable chemical reagents, and then are
subjected to optical or mass-spectrometric methods to identify their composition, structure, or isotopic composition.
For example, miliacin is a biomarker of foxtail and common
millets. Lu et al. (2009a) used gas chromatography-mass
spectrometry and phytoliths to identify the presence of early
common millet in ash samples from Cishan storage pits,
which has provided important evidence of the origins of
foxtail millet farming. Theanine and caffeine are biomarkers
of tea leaves (Lu et al., 2016). Betulin (Figure 6), lupeol, and
betulinic acid have been used to identify ancient birch bark
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Figure 6 Mass spectrum of ancient botulin trimethylsilyl derivative. From
Rao et al. (2017).

products in Xinjiang (Rao et al., 2017).
2.3.3 Advances in genetic identification biomarkers
DNA analysis can provide evidence on crop origins and evolution from a genetics perspective. A number of studies have
used parentage testing on DNA fragments of crops and wild
relatives (Huang et al., 2012). For example, analysis of rice
genetic fragments revealed that certain major gene mutations
related to rice domestication occurred only once, and the gene
that controls scattering in Indica rice originates from Japonica rice. Based on genetic combined with archaeological evidence, a mainstream view has been formed that the domestication of Japonica rice began in China at ca. 10000 a BP and
spread to India at ca. 4000 a BP (Choi et al., 2017; Fuller
et al., 2010). Through crossing with local wild rice used by
humans, Indica rice emerged in India, which then spread to
China at ca. 2000 a BP. Increasing genetic evidence supports
that China is the original center of origin of rice, and India is
the secondary center (Choi et al., 2017).
DNA evidence from modern rice and common wild rice indicates that the Pearl River Basin in Guangxi is the location
of earliest rice domestication (Huang et al., 2012). Validation by archeological evidence and theoretical explanations
are needed to determine whether the origin of rice lies areas
rich in wild rice species, marginal zones of wild rice distribution, areas with suitable climate and environmental conditions, or the oldest archeological site of rice fossils. These
have long been contentious issues in academic discussions.
DNA analysis has clarified that green foxtail is the wild ancestor of foxtail millet. It has also been used in the preliminary classification of distribution areas and evolutionary information for different wild ancestor subtypes of foxtail millet (Diao and Jia, 2017; Fukunaga et al., 2006). DNA-based
identification of the wild ancestor of common millet is still in
progress (Hunt et al., 2014). Genetic analysis has shown that
China is the region with the highest genetic diversity of common millet, and the genetic similarity coefficient of the Loess
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Plateau ecotype was significantly lower than those of other
ecotypes. This implies that China is most likely the origin of
common millet, and the center of origin is probably located
in the Loess Plateau (Hu et al., 2009).
A few researchers have successfully extracted DNA from
plant samples excavated from archaeological sites (Castillo
et al., 2016; Jones et al., 2016). In the 1990s, the Japanese researcher Yo-Ichiro Sato extracted DNA from six grains
of carbonized rice discovered in the Caoxieshan site. These
were found to be Japonica rice, which led to the view that
the earliest cultivated rice in the Yangtze River Basin was
Japonica rice (Yan and Yasuda, 2000). Although some researchers still doubt the DNA evidence of carbonized rice
from the Caoxieshan site, we can expect that with improvements in the methods for DNA extraction from carbonized
seeds, genetic bioassays will play an increasingly important
role in agricultural archaeology.
In current research on the origins and evolution of agriculture, regardless of whether it involves macrofossils, microfossils, or biomarkers, there are different research methods
for different research aims, each having advantages and disadvantages. Therefore, research designs should incorporate
the use of multiple methods that complement and validate
each other to obtain comprehensive and accurate information.
In the past few years, Chinese researchers have applied numerous methods and indicators in agricultural archaeological
research, and have achieved important advances.

3. Progress in the research on the origins and
evolution of agriculture in China
3.1 Distribution of archeological remains of rice and millet farming in China
Agricultural archeological remains provide important material evidence for the origins and evolution of agriculture.
The development and application of agricultural archeological methodologies has led to a rapid increase in research
achievements, including macrofossil, microfossil, and
small-molecule biological evidence. There are currently
about 1080 sites with published archeological results for
millet (foxtail and common millets) and rice farming (He et
al., 2017).
Gong et al. (2007) gathered data on 280 rice archeological
sites from academic publications and other reports. Among
the rice archeological sites discovered to date and reported
on strictly in academic publications (Figure 7a and c) (He et
al., 2017), 543 are older than 2000 a BP, 424 are older than
4000 a BP, and 40 are older than 7000 a BP. The vast majority of sites are distributed in the eastern monsoon zone south
of 37°N, and are most densely concentrated in the Yangtze
River Basin or the middle and lower Yellow River basins.
The northernmost site is the Bronze Age Gaolizhai Site in
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Figure 7 Distribution maps of agricultural archeological sites in China (11000–2000 a BP) for (a) foxtail millet, common millet, rice, and mixed crops; (b)
foxtail millet and common millet; (c) rice (based on He et al., 2017).

Lüshunkou, Liaoning (121°57′E, 39°23′N); the southernmost
site is the Longshan era Kending Site in Pingtung, Taiwan
(120°47′E, 21°57′N); the easternmost site on the mainland is
the Majiabang Culture Baiquan Site in Zhoushan, Zhejiang
(122°09′E, 30°04′N); and the westernmost site is the Bronze
Age Shilinggang Site in Lushui, Yunnan (98°52′E, 25°39′N).
At present, sites with clear dating data and rice remains after
10000 a BP are mainly distributed in cave sites at the middle
regions (Xianrendong and Diaotonghuan Sites in Jiangxi and
Yuchanyan Cave in Daoxian, Hunan) and wilderness sites at
the lower regions (Shangshan culture sites) of Yangtze River.
The multiple-origins view of rice domestication suggests that
both the middle and the lower Yangtze River could have been
centers of rice domestication and evolution (Choi et al., 2017;
Deng et al., 2015; Zuo et al., 2016).
As for millet-farming archeological sites, 49 sites were reported in 1993 (You, 1993), whereas currently, 537 sites older
than ca. 2000 a BP, 324 sites older than 4000 a BP, and 31

sites older than 7000 a BP are reported (Figure 7a and b).
The vast majority of sites are distributed in northern areas,
north of 37°N, with a long and narrow distribution from east
to west. The sites are most densely concentrated in the Yellow River basin, with dense distributions at the middle and
lower Yangtze River, and in western Liaoning. The northernmost site is the Bronze Age Erdaojingzi Site in Chifeng,
Inner Mongolia (119°11′E, 44°18′N); the southernmost site is
the Bronze Age Niuchouzi Site in Tainan, Taiwan (120°13′E,
22°57′N); the easternmost site is the Longshan Era Xinanlu
Site in Yanbian, Jilin (129°46′E, 43°18′N); and the westernmost site is the Bronze Age Xindala Site in Heshuo, Xinjiang
(86°55′E, 42°13′N). The earliest (8000–10000 a BP) archeological evidences of foxtail and common millet crops are
distributed in various areas, including Chifeng in Inner Mongolia, northern Hebei, Jixian in Shanxi, Yichuan in Shaanxi,
and Qinan in Gansu.
There are currently 186 prehistoric sites where millet and
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rice were discovered together, suggesting mixed rice and
millet farming (Figure 7a) (He et al., 2017), including 121
sites older than 4000 a BP and 5 sites older than 7000 a BP.
The vast majority of sites are situated between the Yangtze
and Yellow River basins, within 30°–37°N, and distributed
in a northeast-southwest belt. The northeastern-most site is
the Gaolizhai site in Dalian, Liaoning (122°29′E, 39°32′N);
the southwestern-most site is the Shifudong site in Gengma,
Yunnan (99°43′E, 23°37′N); the southeastern-most site is
the Guanli site in Tainan, Taiwan (120°16′E, 23°07′N);
the northwestern-most site is the Qiaochun site in Lingtai,
Gansu (107°30′E, 35°09′N). The sites with the highest elevation are the Jiaoridang site in Xunhua, and the Qinghai
and Haimenkou sites in Jianchuan, Yunnan (approximately
2200 m). Current archeological evidence indicates that the
middle and lower Yellow River/Liao River basin and the
middle/lower Yangtze River could be central areas for the
origins and domestication of millets (foxtail and common
millet) and rice, respectively. Domestication began at ca.
10000 a BP, which is similar to the beginnings of crop
utilization, cultivation, and domestication by humans in West
Asia and Central America. There is more evidence for the
specific domestication process of rice, while research on the
domestication of millets is still in progress.
3.2 Preliminary research on the origins and evolution of
rice and millet farming in China
When did humans begin domesticating crops? Was the domestication rapid or gradual? When did agricultural development enter a stable phase? These questions are currently still
contentious issues (Fuller et al., 2009; Liu et al., 2007; Silva
et al., 2015). Researchers have divided this evolution into
stages, such as the gathering stage, cultivation and utilization
stage, early domestication, and mature domestication (true
agriculture). With the improvement and wider application of
domestication markers, we will gradually gain a clearer view
of these stages.
Ma and Huan et al. analyzed rice phytoliths from more than
10 typical archeological sites (10000–2000 a BP) (Ma et al.,
2016; Huan et al., 2014; Zuo et al., 2017). By determining
the proportion of bulliform phytoliths with ≥9 scale-like decorations, they revealed that rice domestication in the lower
Yangtze River has experienced three stages (Figure 8a). The
first stage was approximately 10000 a BP, where the proportion of domesticated rice fossils was about 30%, which was
significantly higher than that of wild rice (17%). This implies
that rice domestication had already begun in the early Shangshan culture, and gradually increased to about 55% during the
early Hemudu culture, but did not reach the level of modern
domestication. The second stage, ca. 6500–5600 a BP, was
from the late Majiabang culture to the early Songze culture.
The level of rice domestication reverted to about 30% for un-
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known reasons. In the third stage, after 5600 a BP, the level
of rice domestication gradually increased to the modern domestication levels. Deng et al. (2015) analyzed rice spikelet
fossils from the middle Yangtze River basin, and found that
rice had been completely domesticated by ca. 8000 a BP.
Whether this indicates that the process of rice domestication
was more rapid in the middle than in the lower Yangtze River
basin awaits further research.
Evidence of the origins, domestication, and evolution of
foxtail and common millets is still very limited. Currently,
there is only starch grain data revealing changes in millet
crops in early dry farming. Yang et al. (2012b) analyzed
starch grains from cultural deposits and surface residues of
stone tools and pottery recovered from the Nazhuangtou site
in Xushui, Hebei (earlier than 11000 a BP) and the Donghulin
site in Mentougou, Beijing (11000–9500 a BP) (Figure 8b).
The starch grain remains showed features of domestication,
indicating that humans had begun domesticating wild ancestors of foxtail or common millet at that time. Further starch
grain analysis of 14 early-to-mid-Neolithic agricultural remains (Yang and Perry, 2013; Yang et al., 2015a; Yang et
al., 2012a; Yang et al., 2009b) showed a gradual decrease in
starch grains with wild-type traits. This indicates that the domestication process of wild millet ancestors occurred over at
least a few thousand years.
3.3 Preliminary research on the spread of rice and millet
farming in China
3.3.1 Possible processes and routes for the origins and
spread of rice
Different routes of transmission of rice have been proposed
(Yan, 1982; You, 1993). Based on current archeological evidence for rice and climate change (Dykoski et al., 2011; He
et al., 2017), the origin and spread of rice involved the following processes (Figure 9).
Around 10000 a BP, during the climate warming of the last
deglaciation, Japonica rice began to be domesticated at the
middle and lower Yangtze River. Around 8000–7000 a BP,
during the Holocene Climate Optimum, rice rapidly spread
northwards towards more than 10 sites, including Xihe site in
Zhangqiu, Shandong, Yuezhuang site in Changqing, Zhuzhai
site in Zhengzhou, Henan, and Tanghu site in Xinzheng (Jin et
al., 2014; Zhang et al., 2012; Wang, 2016). The spread of rice
to the northern millet-farming areas might be related to the
warm and humid Holocene climate around 8000–7000 a BP.
Around 6000–5000 a BP, rice continued to spread towards
the northwest, and may have followed two routes: (1) via
Luoyang Basin and Guanzhong Plain, continuing westwards
to Hehuang Area in Gansu (Zhang et al., 2010b, 2011, 2012;
Qin, 2012); (2) from the lower reaches of Han River, spreading upstream westward to the Hehuang area in Gansu. Zhang
Chi et al. have extensively investigated the southern spread
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Figure 8 Origins and evolution of rice and millet farming in China. (a) Phytolith evidence for the origins and evolution of rice (based on Ma et al., 2016;
Huan et al., 2014). (b) Starch grain evidence for the early evolution of millet farming (based on Yang et al., 2012b).

of rice (Zhang and Hung, 2010; Zhang and Hung, 2009).
Combined with more recent materials (He et al., 2017), we
can infer that around 5000–4000 a BP, during the temperature decline in the Holocene, there were essentially two southward routes: (1) during the late Yangshao-Majiabang culture,
rice travelled southwards from around Tianshui in Gansu,
along millet-farming areas, passing through Sichuan, Yungui,
and other low-altitude areas, before finally spreading into Indochina via the Tibet-Burma corridor (He et al., 2017); (2)
the second route occurs after ca. 4000 a BP, starting from
Fujian-Taiwan, and spreading rapidly to Luzon island in the
Philippines (Deng et al., 2017; He et al., 2017).
3.3.2 Spread of millet farming to central Asia and the Tibetan Plateau, and the settlement of prehistoric humans
Based on current data (Liu et al., 2016; Stevens et al., 2016;
He et al., 2017; Dong et al., 2017), at 10000–8000 a BP,

foxtail and common millet farming emerged in the Yellow
River or Liao River basin and spread westwards during
the Majiabang and Qijia cultures, along with population
movements towards the western Loess Plateau. Around
4500–4000 a BP, millets spread into eastern Central Asia,
then further into Western Asia and Europe after 3500 a BP.
Around 10500 a BP, wheat and barley, which originated
from West Asia, spread into Europe and western Central
Asia before 8000 a BP, then further to eastern Central Asia
and northwestern China in 4500–4000 a BP. This indicates
that the spread of millets towards Central Asia, and the
spread of wheat to East Asia took a few thousand years.
The time at which they coincided in Central Asia was ca.
4000 a BP. At the same time, foxtail and common millets
spread southwards via western, central, and eastern channels
(Sichuan Basin and Yunnan-Guizhou Plateau in the west;
Guanzhong Basin-Han River basin in the central area; and
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Figure 9 The relationship between the possible pathway of rice origin and climate change. (a) Holocene climate changes at Dongge Cave (from Dykoski et
al., 2011). (b) Distribution of rice archeological sites. From He et al. (2017).

Haidai area in the east) (He et al., 2017). There is still much
debate over the specific routes and processes involved in the
eastward spread of wheat (Dodson et al., 2013; Jin, 2007;
Zhang et al., 2016; Zhao, 2015; Dong et al., 2017).
Our understanding of the spread of foxtail and common
millets and wheat towards the Tibetan Plateau was limited in
the past. Over the last few years, Chen et al. surveyed and analyzed more than 200 prehistoric sites in the northeast area of
the Tibetan Plateau, and selected 53 relatively well-preserved
sites for systematic identification of plant remains. Based
on precise dating of carbonized seeds, combined with paleoclimatological data, they proposed that prehistoric humans
followed a three-step model in their migration to the Tibetan
Plateau: the first step occurred 20000–5200 a BP, where Paleolithic groups engaged in low-intensity seasonal hunting in
the Tibetan Plateau. The second step was 5200–3600 a BP,
where foxtail and common millet-farming groups spread to
the northeastern margins of the Tibetan Plateau and settled
on a large scale in valleys below 2500 m in altitude. The
third step occurred after 3600 a BP, where mixed farming and
herding groups that mainly cultivated wheat and herded sheep
expanded on a large scale and settled in high-altitude areas
above 3000 m (Chen et al., 2015, 2016; Dong et al., 2017;

Zhang et al., 2016). This study provided new perspectives on
how prehistoric humans adapted to climate change and used
new production techniques to settle in high-altitude areas.
In recent years, carbon-14 dating has emerged in the research on the origins and spread of millet and rice farming
in China and has allowed extensive analysis of numerous
plant remains (seeds, charcoal, phytoliths, etc.), especially,
carbonized annual seeds. This has provided us with a clearer
chronological framework to clarify the origins and spread of
agriculture, as well as the development and evolution of civilization (Dodson et al., 2013; Chen et al., 2015; Dong et al.,
2017; He et al., 2017; Zuo et al., 2017).

4. Challenges and opportunities in research on
the origins and evolution of agriculture in China
Current research on the origins of humans, agriculture, and
civilization is no only the three major strategic fields in global
archeology. Archeology has seen the participation of life sciences, earth sciences, and other natural sciences, as well as the
social sciences, and thus, has become multidisciplinary. Together with breakthroughs in methodology, accumulation of
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materials, and theoretical innovations, we predict that there
will soon be many new insights in our understanding and
models of the origin and evolution of prehistoric agriculture,
the development of human civilization, and their relationship
with environmental changes.
With these trends, several questions will be revisited. For
instance, why did humans first domesticate different crops
only within 20°N–35°N and 15°S–20°N in the Americas during the last deglaciation around 12000 a BP? During the longterm gathering of plants, why did humans transition from
gathering nuts to dicotyledons, monocotyledons, and finally
focused on domesticating Poaceae plants? The dishes on our
dinner tables today may have been gathered from all over
the world over the course of a few thousand years; from the
wheat, barley, and beans produced in the “Fertile Crescent”
of West Asia, to the maize and pumpkin domesticated in the
Americas, and the rice and millets produced in China. This
reflects not only the convergence of foods, but also the convergence of global civilizations. What are the patterns of the
origins, evolution, and spread of agriculture? What impact
did these have on the evolution and history of human civilization? What are the underlying mechanisms? What are
the future directions of development? We are still faced with
a series of challenges, which can also be viewed as opportunities.
China is one of the three major centers of origin for agriculture. It is an ancient civilization with a continuous cultural heritage that has unique dry-farming and rice-farming
research resources, and diverse climate and environmental
records. Therefore, it is a core region in the research on the
relationship between the origins of agriculture and the evolution of civilization with climate changes. For a considerable
period, future research on the origins and spread of early agriculture will mainly focus on three interconnected areas: (1)
scientific evidence for the origins, development, and spread
of early agriculture; (2) new techniques and methods for the
identification of early crop remains; (3) the climate and environmental backgrounds of agriculture origins and spread,
and its underlying mechanisms. We will discuss these areas
in more detail below.
In view of materials and evidence, our understanding of the
“broad spectrum revolution” of late Paleolithic humans is still
very limited; hence, more evidence is needed on the transition
period between the late Paleolithic and Neolithic eras. Between the last glaciation and deglaciation periods, global sea
levels dropped by 120–130 m, and millions of square kilometers of the continental shelf along China’s coast became
land (Wang, 1990). This should be a suitable region for early
human survival and crop domestication. However, current
methods and opportunities to explore this area are limited.
Further, the focus in current research on agricultural origins
is mainly on foxtail millet, common millet, and rice. In reality, a number of plants were successively domesticated in
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the Late Holocene, but our understanding of the domestication background and processes of these crops are extremely
limited. To get the big picture of the spread and exchange
of agriculture, agricultural archeological data from Central
Asia, Tibet, southwest and southeast coasts, and neighboring
countries should be included. Over the past few years, we
have witnessed important research achievements in agricultural archeology from neighboring regions, which await more
in-depth investigations.
With regard to methods and techniques, different research
methods have resulted in different conclusions. For example, as discussed above, conclusions on the origins of rice
drawn from DNA analysis of modern rice plants are in conflict with archeological evidence, and the proportion of foxtail and common millet carbonized grains from archeological
flotation do not match microfossil data. These are all foreseeable issues, and finding a rational explanation or solution will
lead to significant advancements in this area. Breakthroughs
in dating techniques, both in terms of processable quantity
and quality, will be key to determining whether crucial advancements are made in future. Continuous efforts should be
made in the innovation and application of new methods. New
methods do not merely rely on new instruments, but more importantly, on theoretical innovations.
Finally, in terms of basic concepts and theories, there are
contentious issues in agricultural archeology, which may be
because the concepts are not sufficiently clear. For example, different researchers may have a different understanding/definition of “origin of agriculture,” “site of agricultural
origins,” and “stages of agricultural origins.” Our understanding of agricultural origins develops in stages, and does not involve an unchanging theoretical model. The current emphasis on reliable facts is key to bringing theories closer to the
actual truth. At the scientific frontiers of agricultural origins,
the boundaries of geology, biology, archeology, agricultural
science, social history and culture, and other disciplines will
continue to be blurred. Hence, opportunities for theoretical
breakthroughs in the origins and evolution of agriculture will
depend on the integration of multiple disciplines.
This review article focused on major advances in novel
techniques and methods made by Chinese scientists over the
last few years, and provided an overview of the relevant research in agricultural archeology in China. Hence, many new,
important achievements and studies may not be covered, and
many significant issues will need to be explored in future.
Acknowledgements We are grateful to Yang YiMin, Mao LiMi,
Zheng YunFei, Zhang JianPing, He KeYang, Huan XiuJia, Zhao ZhiJun,
Yang XiaoYan, Dong GuangHui for allowing us to reprint figures or valuable
comments. We are grateful to the two peer reviewers who provided valuable
comments. This work was supported by the National Natural Science
Foundation of China (Grant No. 41230104), the National Basic Research
Program of China (Grant No. 2015CB953801), the “Strategic Priority
Research Program: Climate Change, Carbon Budget and Relevant Issues”

2156

Lu H Y

Sci China Earth Sci

of the Chinese Academy of Sciences (Grant No. XDA05130602) and the
“Macroevolutionary Processes and Paleoenvironments of Major Historical
Biota” of the Chinese Academy of Sciences (Grant No. XDPB0503).

References
Atahan P, Itzstein-Davey F, Taylor D, Dodson J, Qin J, Zheng H, Brooks
A. 2008. Holocene-aged sedimentary records of environmental changes
and early agriculture in the lower Yangtze, China. Quat Sci Rev, 27:
556–570
Ball T, Chandler-Ezell K, Dickau R, Duncan N, Hart T C, Iriarte J, Lentfer
C, Logan A, Lu H, Madella M, Pearsall D M, Piperno D R, Rosen A
M, Vrydaghs L, Weisskopf A, Zhang J. 2016. Phytoliths as a tool for
investigations of agricultural origins and dispersals around the world. J
Archaeol Sci, 68: 32–45
Ball T, Vrydaghs L, Van Den Hauwe I, Manwaring J, De Langhe E. 2006.
Differentiating banana phytoliths: Wild and edible Musa acuminata and
Musa balbisiana. J Archaeol Sci, 33: 1228–1236
Bar-Yosef O. 1998. The Natufian culture in the Levant, threshold to the
origins of agriculture. Evol Anthropol, 6: 159–177
Bellwood P. 2005. First Farmers: The Origins of Agricultural Societies.
Malden: Wiley-Blackwell. 384
Castillo C C, Tanaka K, Sato Y I, Ishikawa R, Bellina B, Higham C, Chang
N, Mohanty R, Kajale M, Fuller D Q. 2016. Archaeogenetic study of prehistoric rice remains from Thailand and India: Evidence of early japonica
in South and Southeast Asia. Archaeol Anthropol Sci, 8: 523–543
Chen B Z, Wang X K, Zhang J Z. 1995. The finds and morphological study
of carbonized rice in the Neolithic site at Jiahu in Wuyang county, Henan
Province (in Chinese). Chin J Rice Sci, 9: 129–134
Chen F H, Dong G H, Zhang D J, Liu X Y, Jia X, An C B, Ma M M, Xie Y
W, Barton L, Ren X Y, Zhao Z J, Wu X H, Jones M K. 2015. Agriculture
facilitated permanent human occupation of the Tibetan Plateau after 3600
B.P. Science, 347: 248–250
Chen F H, Liu F W, Zhang D J, Dong G H. 2016. The process and driving
force for peopling the Tibetan Plateau during prehistoric periods (in Chinese). Chin J Nat, 38: 235–240
Chen W H. 2002. Agricultural Archaeology (in Chinese). Beijing: Cultural
Relics Press. 1–205
Chen Y Q. 2000. The evolution of millet name (in Chinese). Agric Hist
China, 4: 93–95
Choi J Y, Platts A E, Fuller D Q, Hsing Y I, Wing R A, Purugganan M D.
2017. The rice paradox: Multiple origins but single domestication in
Asian rice. Mol Biol Evol, 34: 248–250
Clark P U, Dyke A S, Shakun J D, Carlson A E, Clark J, Wohlfarth B,
Mitrovica J X, Hostetler S W, McCabe A M. 2009. The Last Glacial
Maximum. Science, 325: 710–714
Crawford G W. 2006. East Asian plant domestication. In: Stark M T, ed.
Archaeology of Asia. Oxford: Blackwell Publishing Ltd. 77–95
Dallongeville S, Garnier N, Rolando C, Tokarski C. 2015. Proteins in art,
archaeology, and paleontology: From detection to identification. Chem
Rev, 116: 2–79
Deng Z, Hung H C, Carson M T, Bellwood P, Yang S L, Lu H. 2017. The
first discovery of Neolithic rice remains in eastern Taiwan: Phytolith
evidence from the Chaolaiqiao site. Archaeol Anthropol Sci, doi:
10.1007/s12520-017-0471-z
Deng Z, Qin L, Gao Y, Weisskopf A R, Zhang C, Fuller D Q. 2015. From
early domesticated rice of the middle yangtze basin to millet, rice and
wheat agriculture: Archaeobotanical macro-remains from Baligang,
Nanyang Basin, Central China (6700–500 BC). Plos One, 10: e0139885
Diao X, Jia G. 2017. Origin and Domestication of Foxtail Millet. In: Doust
A, Diao X, eds. Genetics and Genomics of Setaria. Plant Genetics and
Genomics: Crops and Models. Vol 19. Bern: Springer International
Publishing. 61–72
Diao X M. 2011. Millet Industry and Industrial Technology System in China

December (2017) Vol. 60 No. 12

(in Chinese). Beijing: China Agricultural Science and Technology Press.
1–500
Dodson J R, Li X, Zhou X, Zhao K, Sun N, Atahan P. 2013. Origin and
spread of wheat in China. Quat Sci Rev, 72: 108–111
Dong G H, Yang Y S, Han J Y, Wang H, Chen F H. 2017. Exploring the
history of cultural exchange in prehistoric Eurasia from the perspectives
of crop diffusion and consumption. Sci China Earth Sci, 60: 1110–1123
Dykoski C A, Edwards R L, Cheng H, Yuan D, Cai Y, Zhang M, Lin Y, Qing
J, An Z, Revenaugh J. 2011. A high-resolution, absolute-dated Holocene
and deglacial Asian monsoon record from Dongge Cave, China. Earth
Planet Sci Lett, 233: 71–86
Faegri K, Iversen J. 1992. Textbook of pollen analysis. 5th ed. Chichester:
Wiley. 328
Fan L J, Gui Y J, Zheng Y F, Wang Y, Cai D G, You X L. 2011. Ancient
DNA sequences of rice from the low Yangtze reveal significant genotypic
divergence. Chin Sci Bull, 56: 3108–3113
Fearn M L, Liu K. 1995. Maize pollen of 3500 B.P. from Southern Alabama.
Am Antiquity, 60: 109–117
Fujiwara H. 1976. Fundamental studies in plant opal analysis. 1. On the
silica bodies of motor cell of rice plants and their near relatives, and the
method of quantitative analysis. Archaeol Nat Sci, 9: 15–29
Fukunaga K, Ichitani K, Kawase M. 2006. Phylogenetic analysis of the
rDNA intergenic spacer subrepeats and its implication for the domestication history of foxtail millet, Setaria italica. Theor Appl Genet, 113:
261–269
Fuller D Q, Qin L, Zheng Y, Zhao Z, Chen X, Hosoya L A, Sun G P. 2009.
The domestication process and domestication rate in rice: Spikelet bases
from the Lower Yangtze. Science, 323: 1607–1610
Fuller D Q, Sato Y I, Castillo C, Qin L, Weisskopf A R, Kingwell-Banham
E J, Song J, Ahn S M, van Etten J. 2010. Consilience of genetics and
archaeobotany in the entangled history of rice. Archaeol Anthropol Sci,
2: 115–131
Ge Y, Lu H, Zhang J, Wang C, He K, Huan X. 2016. Phytolith analysis for the
identification of barnyard millet (Echinochloa sp.) and its implications.
Archaeol Anthropol Sci, doi: 10.1007/s12520-016-0341-0
Gong Z T, Chen H Z, Yuan D G, Zhao Y G, Wu Y J, Zhang G L. 2007. The
temporal and spatial distribution of ancient rice in China and its implications. Chin Sci Bull, 52: 1071–1079
Gu H B. 2009. An overview of the methods distinguishing the rice phytolith
between Oryza sativa subsp. Hsien and Oryza sativa subsp. Keng at
archaeological sites. In: Journal of Hunan Archaeology, (8) (in Chinese).
Changsha: Yuelu Publishing House. 268–276
Gu Y, Zhao Z, Pearsall D M. 2013. Phytolith morphology research on wild
and domesticated rice species in East Asia. Quat Int, 287: 141–148
Guo Q S, Wang Q Y, Liu L. 2009. The Illustrated Seeds of Chinese Medicinal
Plants (in Chinese). Beijing: China Agricultural Press. 1–461
Guo Q X. 1998. Identification of Weed Seeds with Colored Pictures (in
Chinese). Beijing: China Agricultural Press. 1–176
Hart D M, Wallis L A. 2003. Phytolith and starch research in the AustralianPacific-Asian regions: The state of the art. Terra Australis, 19: 237–242
Harvey E L, Fuller D Q. 2005. Investigating crop processing using phytolith
analysis: The example of rice and millets. J Archaeol Sci, 32: 739–752
He K, Lu H, Zhang J, Wang C, Huan X. 2017. Prehistoric evolution of the
dualistic structure mixed rice and millet farming in China. Holocene, 2:
095968361770845
Hesse M, Buchner R, Froschradivo A, Halbritter H, Ulrich S, Weber M,
Zetter R. 2009. Pollen Terminology: An Illustrated Handbook. Vienna:
Springer Vienna
Hou X Y, Wu T, Hou W, Chen Q, Wang Y D, Yu L J. 2016. Characteristics
of coastline changes in mainland China since the early 1940s. Sci China
Earth Sci, 59: 1791–1802
Hu X, Wang J, Lu P, Zhang H. 2009. Assessment of genetic diversity in
broomcorn millet (Panicum miliaceum L.) using SSR markers. J Genets
Genomics, 36: 491–500

Lu H Y

Sci China Earth Sci

Huan X J, Li Q, Ma Z K, Jiang L P, Yang X Y. 2014. Fan-shaped phytoliths reveal the process of rice domestication at Shangshan site, Zhejiang Province (in Chinese). Quat Sci, 34: 106–113
Huan X, Lu H, Wang C, Tang X, Zuo X, Ge Y, He K. 2015. Bulliform phytolith research in wild and domesticated rice paddy soil in South China.
Plos One, 10: e0141255
Huang X, Kurata N, Wei X, Wang Z X, Wang A, Zhao Q, Zhao Y, Liu K, Lu
H, Li W, Guo Y, Lu Y, Zhou C, Fan D, Weng Q, Zhu C, Huang T, Zhang
L, Wang Y, Feng L, Furuumi H, Kubo T, Miyabayashi T, Yuan X, Xu Q,
Dong G, Zhan Q, Li C, Fujiyama A, Toyoda A, Lu T, Feng Q, Qian Q,
Li J, Han B. 2012. A map of rice genome variation reveals the origin of
cultivated rice. Nature, 490: 497–501
Hunt H V, Badakshi F, Romanova O, Howe C J, Jones M K, Heslop-Harrison
J S P. 2014. Reticulate evolution in Panicum (Poaceae): The origin of
tetraploid broomcorn millet, P. miliaceum. J Exp Bot, 65: 3165–3175
Izawa T, Konishi S, Shomura A, Yano M. 2009. DNA changes tell us about
rice domestication. Curr Opin Plant Biol, 12: 185–192
Jin G Y. 2007. The archaeological findings and study on the early wheat in
China (in Chinese). Agric Archaeol, 4: 11–20
Jin G Y, Wu W W, Zhang K S, Wang Z B, Wu X H. 2014. 8000-year old rice
remains from the north edge of the Shandong Highlands, East China. J
Archaeol Sci, 51: 34–42
Jin G Y, Yan S D, Lan Y F, Wang C Y, Tong P H. 2007. Neolithic rice paddy
from the Zhaojiazhuang site, Shandong, China (in Chinese). Chin Sci
Bull, 52: 2161–2168
Jones H, Lister D L, Cai D, Kneale C J, Cockram J, Peña-Chocarro L, Jones
M K. 2016. The trans-Eurasian crop exchange in prehistory: Discerning
pathways from barley phylogeography. Quat Int, 426: 26–32
Kondo R. 2010. Atlas of Opal Phytolith (in Japanese). Hokkaido: Hokkaido
University Press. 1–387
Lai X L. 2001. Ancient biomolecules and molecular archaeology—An review (in Chinese). Adv Earth Sci, 16: 20–28
Lee G A, Crawford G W, Liu L, Chen X. 2007. Plants and people from the
Early Neolithic to Shang periods in North China. Proc Natl Acad Sci
USA, 104: 1087–1092
Li X L, Zhang W J, Lu J W, Wang L J. 2012. Calcium oxalate biomineralization in plants (in Chinese). Chin Sci Bull-Chin Ver, 57: 2443–2455
Li X Q. 2013. New progress in the Holocene climate and agriculture research
in China. Sci China Earth Sci, 56: 2027–2036
Li X Q, Zhou X Y, Zhou J, Dodson J, Zhang H B, Shang X. 2007. The earliest archaeobiological evidence of the broadening agriculture in China
recorded at Xishanping site in Gansu Province. Sci China Ser D-Earth
Sci, 50: 1707–1714
Liu C J, Jin G Y, Kong Z C. 2008. Archaeobotany-Research on Seeds and
Fruits (in Chinese). Beijing: Science Press. 1–273
Liu C J, Kong Z C. 2004. The morphologic comparison between the seeds
of common millet and foxtail millet and the implication in archaeology
(in Chinese). Archaeology, 8: 76–83
Liu L, Field J, Weisskopf A, Webb J, Jiang L P, Wang H M, Chen X C. 2010.
The Exploitation of Acorn and Rice in Early Holocene Lower Yangzi
River, China (in Chinese). Acta Anthropol Sin, 29: 317–336
Liu L, Lee G A, Jiang L, Zhang J. 2007. Evidence for the early beginning
(c. 9000 cal. BP) of rice domestication in China: A response. Holocene,
17: 1059–1068
Liu X, Reid R E, Lightfoot E, Matuzeviciute G M, Jones M K. 2016. Radical
change and dietary conservatism: Mixing model estimates of human diets along the Inner Asia and China’s mountain corridors. Holocene, 26:
1556–1565
Lu H Y, Li Y M, Zhang J P, Yang X Y, Ye M L, Li Q, Wang C, Wu N Q. 2015.
Component and simulation of the 4000-year-old noodles excavated from
the archaeological site of Lajia in Qinghai, China (in Chinese). Chin Sci
Bull, 8: 744–756
Lu H Y, Wu N Q, Liu K B, Jiang H, Liu T S. 2007. Phytoliths as quantitative indicators for the reconstruction of past environmental conditions in

December (2017) Vol. 60 No. 12

2157

China II: Palaeoenvironmental reconstruction in the Loess Plateau. Quat
Sci Rev, 26: 759–772
Lu H Y, Wu N Q, Wang Y J. 1996. Identification of fan-shaped phytolith
of rice and its aplication in archaeology (in Chinese). Archaeology, 4:
84–88
Lu H, Zhang J, Wu N, Liu K B, Xu D, Li Q. 2009a. Phytoliths Analysis for
the Discrimination of Foxtail Millet (Setaria italica) and Common Millet
(Panicum miliaceum). Plos One, 4: e4448
Lu H, Liu Z, Wu N, Berné S, Saito Y, Liu B, Wang L. 2002. Rice domestication and climatic change: Phytolith evidence from East China. Boreas,
31: 378–385
Lu H, Yang X, Ye M, Liu K B, Xia Z, Ren X, Cai L, Wu N, Liu T S. 2005.
Culinary archaeology: Millet noodles in Late Neolithic China. Nature,
437: 967–968
Lu H Y, Zhang J P, Liu K B, Wu N Q, Li Y M, Zhou K S, Ye M L, Zhang T Y,
Zhang H J, Yang X Y, Shen L C, Xu D K, Li Q. 2009b. Earliest domestication of common millet (Panicum miliaceum) in East Asia extended to
10000 years ago. Proc Natl Acad Sci USA, 106: 7367–7372
Lu H, Zhang J, Yang Y, Yang X, Xu B, Yang W, Tong T, Jin S, Shen C, Rao H,
Li X, Lu H, Fuller D Q, Wang L, Wang C, Xu D, Wu N. 2016. Earliest tea
as evidence for one branch of the Silk Road across the Tibetan Plateau.
Sci Rep, 6: 18955
Ma Y, Yang X, Huan X, Wang W, Ma Z, Li Z, Sun G, Jiang L, Zhuang Y,
Lu H. 2016. Rice bulliform phytoliths reveal the process of rice domestication in the Neolithic Lower Yangtze River region. Quat Int, 426:
126–132
Mao L, Yang X. 2015. Pollen morphology of cereals and associated wild
relatives: Reassessing potentials in tracing agriculture history and limitations. Appl Cata B Environ, 162: 364–371
Märkle T, Rösch M. 2008. Experiments on the effects of carbonization on
some cultivated plant seeds. Veget Hist Archaeobot, 17: 257–263
Miller N F, Spengler R N, Frachetti M. 2016. Millet cultivation across Eurasia: Origins, spread, and the influence of seasonal climate. Holocene,
26: 1566–1575
Ou S J, Wang H R, Chu C C. 2012. Major domestication traits in Asian rice.
Hereditas, 34: 1379–1389
Pearsall D M, Piperno D R, Dinan E H, Umlauf M, Zhao Z, Benfer Jr. R
A. 1995. Distinguishing rice (Oryza sativa Poaceae) from wild Oryza
species through Phytolith analysis: Results of preliminary research.
Econ Bot, 49: 183–196
Pearsall D M. 2015. Paleoethnobotany: A Handbook of Procedures. 3rd ed.
Walnut Creek: Left Coast Press
Peters K E, Walters C C, Moldowan J M. 2011. The Biomarker Guide. 2nd
ed. Vol II. Beijing: Petroleum Industry Press. 1–685
Piperno D R. 1984. A comparison and differentiation of phytoliths from
maize and wild grasses: Use of morphological criteria. Am Antiquity,
49: 361–383
Piperno D R. 2006. Phytoliths: A Comprehensive Guide for Archaeologists
and Paleoecologists. Lanham: AltaMira Press
Piperno D R, Ranere A J, Holst I, Iriarte J, Dickau R. 2009. Starch grain and
phytolith evidence for early ninth millennium B.P. maize from the Central
Balsas River Valley, Mexico. Proc Natl Acad Sci USA, 106: 5019–5024
Piperno D R, Weiss E, Holst I, Nadel D. 2004. Processing of wild cereal
grains in the Upper Palaeolithic revealed by starch grain analysis. Nature,
430: 670–673
Qin L. 2012. Archaeobotanical research and expectations on Chinese agriculture origin. In: Archaeological Research (9) (in Chinese). Beijing:
Cultural Relics Press. 260–315
Qiu Z W, Liu B S, Li Y Q, Shang X, Jiang H E. 2016. Analysis of plant
remains at the Neolithic Yangjia Site, Wuxi City, Jiangsu Province (East
China). Sci China Earth Sci, 59: 1803–1816
Rao H, Li B, Yang Y, Ma Q, Wang C. 2014. Proteomic identification of
organic additives in the mortars of ancient Chinese wooden buildings.
Anal Methods, 7: 143–149

2158

Lu H Y

Sci China Earth Sci

Rao H, Yang Y, Hu X, Yu J, Jiang H. 2017. Identification of an ancient birch
bark quiver from a Tang Dynasty (A.D. 618–907) Tomb in Xinjiang,
Northwest China. Econ Bot, 71: 32–44
Silva F, Stevens C J, Weisskopf A, Castillo C, Qin L, Bevan A, Fuller D Q.
2015. Modelling the geographical origin of rice cultivation in Asia using
the rice archaeological database. Plos One, 10: e0137024
Solazzo C, Fitzhugh W W, Rolando C, Tokarski C. 2008. Identification of
protein remains in archaeological potsherds by proteomics. Anal Chem,
80: 4590–4597
Stevens C J, Murphy C, Roberts R, Lucas L, Silva F, Fuller D Q. 2016. Between China and South Asia: A Middle Asian corridor of crop dispersal
and agricultural innovation in the Bronze Age. Holocene, 26: 1541–1555
Tao D W, Yang Y M, Huang W D, Wu Y, Wu Y L, Wang C S. 2009. Starch
grain analysis on artifacts from the Diaolongbei site (in Chinese). Archaeology, 9: 92–96
Tao D W. 2011. Identification and analysis of starch grains and its implication
in archaeology. Dissertation for Doctoral Degree (in Chinese). Beijing:
University of Chinese Academy of Sciences. 1–107
Torrence R, Barton H. 2006. Ancient Starch Research. Walnut Creek: Left
Coast Press
Wang C. 2016. Research on the early farming-human activities in the central
China and their relation with climate change. Dissertation for Doctoral
Degree (in Chinese). Beijing: University of Chinese Academy of Sciences. 1–235
Wang C, Lu H Y. 2012. Research progress of fan-shaped phytolith of rice
and relevant issues (in Chinese). Quat Sci, 32: 269–281
Wang C, Lu H Y, Zhang J P, Ye M L, Cai L H. 2015. Phytolith evidence
of millet agriculture in the late Neolithic archaeological site of Lajia,
northwestern China (in Chinese). Quat Sci, 35: 209–217
Wang K F, Wang X Z. 1983. Introduction to Palynology (in Chinese). Beijing: Peking University Press. 1–205
Wang P X. 1990. The ice-age China sea—Status and problems (in Chinese).
Quat Sci, 10: 13–26
Wang Q, Chen X X, Jiang Z L, Fang H. 2015. The significance of carbonization experiment in archaeobotanical study—Take rice and wheat as an
example (in Chinese). Cult Rel in South China, 3: 192–198
Wang S W. 2011. Holocene Climate Change (in Chinese). Beijing: China
Meteorological Press. 1–283
Wang Y J, Lu H Y. 1993. The Study of Phytolith and Its Application (in
Chinese). Beijing: China Ocean Press. 1–228
Woodbridge J, Fyfe R M, Roberts N, Downey S, Edinborough K, Shennan
S. 2014. The impact of the Neolithic agricultural transition in Britain:
A comparison of pollen-based land-cover and archaeological 14C dateinferred population change. J Archaeol Sci, 51: 216–224
Wu W W. 2015. Preliminary analysis of subsistence economy at Chahai site
in Fuxin, Liaoning Province: Indication of results from analysis of starch
granules (in Chinese). Agric Archaeol, 3: 1–9
Wu Y, Jiang L, Zheng Y, Wang C, Zhao Z. 2014. Morphological trend analysis of rice phytolith during the early Neolithic in the Lower Yangtze. J
Archaeol Sci, 49: 326–331
Xie S C, Liang B, Guo J Q, Yi Y, Evershed R P, Chambers F M. 2003.
Biomarkers and the related global change (in Chinese). Quat Sci, 23:
521–528
Xu Q H, Cao X Y, Wang X L, Li Y C, Jing Z C, Tang J G. 2010. Generation of yinxu culture: Environmental background and impacts of human
activities (in Chinese). Quat Sci, 30: 273–286
Yan W M. 1982. The origin of rice agriculture in China (in Chinese). Agric
Archaeol, 2: 19–31
Yan W M, Yasuda Y. 2000. The Origins of Rice Agriculture, Pottery and
Cities (in Chinese). Beijing: Cultural Relics Press. 1–197
Yang Q, Li X Q, Zhou X Y, Zhao K L, Ji M, Sun N. 2011. Investigation of
the ultrastructural characteristics of foxtail and broomcorn millet during
carbonization and its application in archaeobotany. Chin Sci Bull, 56:
1495–1502

December (2017) Vol. 60 No. 12

Yang X Y. 2017. Ancient starch research in China: Progress and problems
(in Chinese). Quat Sci, 37: 196–210
Yang X Y, Liu C J, Zhang J P, Yang W Z, Zhang X H, Lu H Y. 2009a.
Plant crop remains from the outer burial pit of the Han Yangling Mausoleum and their significance to Early Western Han agriculture (in Chinese). Chin Sci Bull, 13: 1917–1921
Yang X Y, Lu H Y, Liu D S, Han J M. 2005. Micromorphology characteristics of starch grains from Setaria italica, Panicum miliaceum and s.
viridis and its signification for archaeobotany (in Chinese). Quat Sci, 25:
224–227
Yang X Y, Yu J C, Lü H Y, Cui T X, Guo J N, Ge Q S. 2009b. Starch
grain analysis reveals function of grinding stone tools at Shangzhai site,
Beijing. Sci China Ser D-Earth Sci, 52: 1164–1171
Yang X, Barton H J, Wan Z, Li Q, Ma Z, Li M, Zhang D, Wei J. 2013.
Sago-type palms were an important plant food prior to rice in Southern
subtropical China. Plos One, 8: e63148
Yang X, Fuller D Q, Huan X, Perry L, Li Q, Li Z, Zhang J, Ma Z, Zhuang Y,
Jiang L, Ge Y, Lu H. 2015b. Barnyard grasses were processed with rice
around 10000 years ago. Sci Rep, 5: 16251
Yang X, Ma Z, Li J, Yu J, Stevens C, Zhuang Y. 2015a. Comparing subsistence strategies in different landscapes of North China 10000 years ago.
Holocene, 25: 1957–1964
Yang X, Perry L. 2013. Identification of ancient starch grains from the tribe
Triticeae in the North China Plain. J Archaeol Sci, 40: 3170–3177
Yang X, Wan Z, Perry L, Lu H, Wang Q, Zhao C, Li J, Xie F, Yu J, Cui T,
Wang T, Li M, Ge Q. 2012b. Early millet use in northern China. Proc
Natl Acad Sci USA, 109: 3726–3730
Yang X, Zhang J, Perry L, Ma Z, Wan Z, Li M, Diao X, Lu H. 2012a. From
the modern to the archaeological: Starch grains from millets and their
wild relatives in China. J Archaeol Sci, 39: 247–254
Yang Y Z, Cheng Z J, Li W Y, Yao L, Li Z Y, Luo W H, Yuan Z J, Zhang J,
Zhang J Z. 2016. The emergence, development and regional differences
of mixed farming of rice and millet in the upper and middle Huai River
Valley, China. Sci China Earth Sci, 59: 1779–1790
Yang Y Z, Li W Y, Yao L, Cheng Z J, Zhang J Z, Xin Y J. 2015. Plant resources utilization at the Tanghu site during the Peiligang Culture period
based on starch grain analysis, Henan Province (in Chinese). Quat Sci,
35: 229–239
Yang Y, Shevchenko A, Knaust A, Abuduresule I, Li W, Hu X, Wang C,
Shevchenko A. 2014. Proteomics evidence for kefir dairy in Early
Bronze Age China. J Archaeol Sci, 45: 178–186
Yin L P, Yan Y S. 1996. Identification of Weed Seeds with Colored Photos
(in Chinese). Beijing: China Agricultural Science and Technology Press.
1–355
You X L. 1993. The origin and spread of common millet and foxtail millet
(in Chinese). Agric Hist China, 3: 1–13
Zhang C, Hung H C. 2009. The emergence of agriculture in south and southwest China and related problems (in Chinese). Cult Rel in South China,
3: 64–71
Zhang C, Hung H. 2010. The emergence of agriculture in southern China.
Antiquity, 84: 11–25
Zhang D J, Dong G H, Wang H, Ren X Y, Ha P P, Qiang M R, Chen F H.
2016. History and possible mechanisms of prehistoric human migration
to the Tibetan Plateau. Sci China Earth Sci, 59: 1765–1778
Zhang J P, Lu H Y, Gu W F, Wu N Q, Zhou K S, Hu Y Y, Xin Y J, Wang
C. 2012. Early mixed farming of millet and rice 7800 years ago in the
Middle Yellow River Region, China. Plos One, 7: e52146
Zhang J P, Lu H Y, Wu N Q, Li F J, Yang X Y, Wang W L, Ma M Z,
Zhang X H. 2010a. Phytolith evidence of millet agriculture during about
6000–2100 a B.P. in the Guanzhong basin, China (in Chinese). Quat Sci,
30: 287–297
Zhang J P, Lu H Y, Wu N Q, Yang X Y, Diao X M. 2011. Phytolith analysis for
differentiating between foxtail millet (Setaria italica) and green foxtail
(Setaria viridis). Plos One, 6: e19726

Lu H Y

Sci China Earth Sci

Zhang J Z, Yin R C, Yang Y Z, Wang X K, Kong Z C, Kan X H. 2004.
Archaeological investigation report of rice Farming in the Middle Huaihe
River (in Chinese). Agric Archaeol, 3: 84–91
Zhang J, Lu H, Huang L. 2014. Calciphytoliths (calcium oxalate crystals)
analysis for the identification of decayed tea plants (Camellia sinensis
L.). Sci Rep, 4: 6703
Zhang J P, Lu H Y, Wu N Q, Li F J, Yang X Y, Wang W L, Ma M Z, Zhang X
H. 2010b. Phytolith evidence for rice cultivation and spread in Mid-Late
Neolithic archaeological sites in central North China. Boreas, 39: 592
Zhang K C. 1987. China’s southeastern coast of the “rich food collection
culture”. In: The Shanghai Museum Journal (in Chinese). Shanghai:
Shanghai Ancient Books Publishing House. 143–149
Zhang S Q, Zhang Y, Li J S, Gao X. 2016. The broad-spectrum adaptations of
hominins in the later period of Late Pleistocene of China—Perspectives
from the zooarchaeological studies. Sci China Earth Sci, 59: 1529–1539
Zhao T J, Yi J Y. 2004. The origin and evolution of cultivated soybean (in
Chinese). Sci Agric Sin, 37: 954–954
Zhao X Y, Mao L M. 2015. Morphological comparison for pollen exineultrastrucyure of four species from Oryza (in Chinese). Acta Palaeontol
Sin, 54: 547–555
Zhao Z J, Yang J G. 2017. Criteria and methods for identification of archeological carbonized soybean (in Chinese). Cult Rel in South China, 3, in
press
Zhao Z J. 2014. The process of origin of agriculture in China: Archaeological evidence from flotation results (in Chinese). Quat Sci, 34: 73–84
Zhao Z J. 2015. Introduction of wheat into China-Archaeobotanical data (in

December (2017) Vol. 60 No. 12

2159

Chinese). Cult Rel in South China, 5: 44–52
Zhao Z, Pearsall D M, Benfer R A, Piperno D R. 1998. Distinguishing rice
(Oryza sativa poaceae) from wild Oryza species through phytolith analysis, II Finalized method. Econ Bot, 52: 134–145
Zheng Y F, Chen X G, Wang H M. 2013. The rice faming at Xiaohuangshan
site in Zhejiang Province—Evidence from phytolith (in Chinese). Agric
Archaeol, 4: 11–17
Zheng Y F, Crawford G W, Jiang L P, Chen X G. 2016a. Rice domestication
revealed by reduced shattering of archaeological rice from the Lower
Yangtze valley. Sci Rep, 6: 28136
Zheng Y F, Jiang L P, Crawford W. 2016b. Rice Domestication Revealed
by Reduced Shattering of Archaeological rice from the Lower Yangtze
valley (in Chinese). Cult Rel in South China, 3: 122–130
Zheng Y F, Sun G P, Chen X G. 2007. Characteristics of the short rachillae
of rice from archaeological sites dating to 7000 years ago. Chin Sci Bull,
52: 1654–1660
Zhou K S. 2002. Pollen Analysis and Environmental Archeology (in Chinese). Beijing: Xueyuan Publishing House. 1–277
Zuo X, Lu H, Li Z, Song B, Xu D, Zou Y, Wang C, Huan X, He K. 2016.
Phytolith and diatom evidence for rice exploitation and environmental
changes during the early mid-Holocene in the Yangtze Delta. Quat Res,
86: 304–315
Zuo X, Lu H, Jiang L, Zhang J, Yang X, Huan X, He K, Wang C, Wu N.
2017. Dating rice remains through phytolith carbon-14 study reveals
domestication at the beginning of the Holocene. Proc Natl Acad Sci
USA, 114: 6486–6491

