& frontiers | Frontiers in Earth Science

’ @ Check for updates

OPEN ACCESS

Xingqi Liu,
Capital Normal University, China

Xiujia Huan,

Chinese Academy of Sciences (CAS),
China

Juzhong Zhang,

University of Science and Technology of
China, China

Yan Pan,
yanpanfd@fudan.edu.cn

06 March 2023
07 September 2023
28 September 2023

Pan 'Y (2023), Revisiting the
archaeological investigations of rice
domestication in China during
10,000-7,000 BP in a human
behavioral context.

Front. Earth Sci. 11:1180376.

doi: 10.3389/feart.2023.1180376

© 2023 Pan. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

Review
28 September 2023
10.3389/feart.2023.1180376

Revisiting the archaeological
Investigations of rice
domestication in China during
10,000-7,000 BP in a human
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In East Asian archaeology, initial domestication and early dispersal of rice have
continuously attracted scholarly interest in the recent decade, which has
generated abundant new materials and revised opinions. This paper starts
with a refreshed understanding of the domestication concept that emphasizes
the dominant role of human behavior in the mutualistic relationship. A
thorough review of the approaches to and data on reconstructing the rice
story during 10,000-7,000 BP demonstrates the causally chained changes in
phenotype, genotype, and human behavior in the establishment of
domestication. Future studies will benefit from the revised paradigm, which
has great potential to extract archaeological information to explain multiple
mechanisms in rice domestication.
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1 Introduction

Revealing rice domestication and dispersal of rice cultivation is crucial for understanding
the social evolution in East Asian prehistory. Research progress in the recent decade has
provided new ideas, approaches, and data for the exploration of the issue. First of all, the
criterion for identifying domestication has gradually shifted from a phenotypic-trait-
centered to a human-behavior-centered paradigm. It emphasizes the dominant role of
humans in the interactive relationship between humans and domesticates. The refreshed
theoretical perspective has pushed researchers to revise the existing methodologies and also
develop new ones that are capable of reflecting human behaviors evidently associated with
the establishment of the relationship. In this article, we intend to identify the appropriate
methods of distinguishing wild and domesticated rice by conducting a thorough review of
the methods proposed in the past 5 decades. This will then provide us a reliable foundation
for critically reassessing the quality and validity of the archaeobotanical data of
10,000-7,000 BP in China that have been proposed to evidence the emergence and early
dispersal of rice domestication. Based on the confirmation of the data that can be safely
accepted, we attempt to depict a picture of the spatio-temporal distribution of the
archaeological rice and propose a hypothetical framework of rice early dispersal routes
that may require further information to enhance the articulation.
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FIGURE 1

Schematic paradigm showing the relationship of behavioral
change, phenotypic change, and genotypic change in the
establishment of domestication. The dotted line suggests that the
object framed by it is open or semi-open to the surrounding
environment.

2 Refining the understanding of the
“domestication” concept

Now, it is generally accepted that “domestication” can be

described as a sustained multi-generational mutualistic
relationship between humans and domesticates (e.g., Zeder, 2006;
2020; Purugganan, 2022). From this perspective, both sides of the
interaction derive benefits from the establishment and long-term
maintenance of this relationship. On the human side, through a
certain level of manipulation, control, and care of a plant or animal,
a human is able to increase the productivity of food and other
resources of interest and guarantee a more stable and predictable
supply. On the side of domestic plants or animals, specific
phenotypic characteristics favored by people are selected, and
thus,

reproductive success than other individuals not participating in

they gain a greater advantage in enhancing their
this relationship. One of the current debates in documenting
domestication relates to what kind of material evidence is
essential in order to confirm the emergence of domestication.
Some researchers take morphological and genetic changes in
domesticated plants and animals as the core of the domestication
process (e.g., Langlie et al., 2014; Marti'nez-Ainsworth and
2016), them secondary
consequences of domestication (Terrell et al., 2003; Smith, 2006;

Tenaillon, while others consider
Zeder, 2006). Providing a constructive response to the disagreement,
the explanation elaborated many times in the past 2 decades by
Bruce Smith has already shed light on the issue. The creation of such
a relationship involves three general categories of changes that are
causally chained in the form of behavioral change — genetic
change — morphological change (Smith, 2006).

Here, we intend to make a detailed statement of the mechanism
suggested by Smith (2006) (Figure 1). For whatever reason, the
domestication process is, in nature, initiated by a new pattern of
human behavior. The new selective pressures sustainably brought by
the behavior pattern functioning on target species for a period may
cause changes in the genetic profile of the plant and animal
population. This process may take place via two routes. One
refers to the human behavior directly imposed on the plant or
animal population, whose certain genotype positively responding to
the behavior pattern is subsequently selected for. The other is that
human environmental management activities indirectly have an
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impact on the plant and animal population. The artificially
modified physical factors of the environment inhabited by these
species would select for the genotypes favored by this human-driven
environment. Then, the new selected genotypes of plant and animal
species may express in visible morphological changes. When the
morphological changes and their causal relationship with specific
human behaviors are recognized, humans make decisions on
whether
morphological changes by continuing to repeat their behavior

they would like to encourage or enhance the
patterns. In this way, the three categories of changes form a
positive-feedback recycle promoting the domestication process.
This model clarifies that genotypic and phenotypic changes in
plant and animal domesticates are consequences of long-term
human intervention in target species, rather than the very
beginning of the creation of this relationship. It means that the
concern on initial domestication should be moved to the phase of
human behavioral changes that differ from the interactions between
hunter-gatherers and wild plant and animal species.

Defining domestication in terms of causal human behavior
stimulates a critical issue. The question is raised as to whether it
is possible for researchers to identify a demarcating line as the exact
front edge of the appearance of the new human behavior pattern that
later results in the establishment of domesticates. The answer is no.
Numerous experiences indicate that the markers of initial
domestication have been mostly recognized in a post hoc way.
Only the effects resulting from human engagement in the
sustained interaction with target species for a period can be
reliably confirmed as markers or syndromes of domestication.
The second reason is that most perennial root crops do not
produce or display obviously visible morphological changes
responding to human-assisted propagation. The intractable
problems in preservation brought about by high precipitation,
high temperature, and soil acidity add difficulties in recovering
signatures that are sensitive to a slight to mild degree of human
intervention and cultivation. The third reason is intimately related to
the mimicry of human behavioral patterns. Human actions in the
initial stage of plant domestication almost simulate the natural
elements and processes of the habitat to which the targeted plant
species originally adapted in order to ensure a high probability of
their successful survival and propagation in the new anthropogenic
Thus, it is
anthropogenic evidence, which is sporadic and elusive, from

environment. extremely hard to distinguish
natural factors in the context of initial domestication (Smith,
2011). Despite all the difficulties in capturing the signals of the
subtle initial stage of domesticates being taken care of by humans, it
is still meaningful for archaeologists to approach the empirically
recognizable early stage of human behavioral intervention in the life
cycle of target species to modify their reproductive patterns and
make them increasingly distinct from their wild relatives.
Intentionality, as pointed out by many specialists in evolutionary
biology, bioarchaeology, and genetics, is the pivotal feature in the
domestication relationship with human involvement (e.g., Schultz
2005; Zeder, 2006; 2020; Purugganan, 2022). The
domestication relationship is not restricted to the mutualism

et al,

between humans and other species. Non-human associated
mutualism between insects, beetles, termites, and fungi is also
defined as domestication (e.g., Harrington, 2005; Mueller et al,
2005; Schultz et al., 2021). In human-associated domestication, it is
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human intentionality that initially triggers the mutualistic
relationship, making the intervention between the two ends of
the equation dominated by humans. In comparison, the two ends
are more balanced in the other domestication relationships. Humans
may deliberately or unconsciously take on actions without
predicting genetic or phenotypic responses of plant species. They
are unable to foresee the evolutionary consequence resulting from
long-term changes successively taking place, together with social
evolutions. Regardless of these facts, intentional purposes as the core
appeal involved in human behaviors are concrete and cannot be
excluded. It is where human agency comes into the picture that
distinguishes between domestication and other similar mutualistic
relationships in nature (Schultz et al, 20055 Zeder, 2006).
Archaeological studies are normally required to reveal a long-
term sustained domestication relationship by empirical evidence
in advance and then trace the line further back to touch the earlier
phase of forming or consolidation of the relationship.

3 Recognizing rice domestication

The improved understanding of domestication stimulated an
increasing number of archaeologists to rethink and reexamine the
appropriateness of a few widely employed approaches and the
criteria for recognizing plant and animal domestication. Great
attention has been paid to several of the most popular crops in
the world, such as rice, wheat, and maize (e.g., Emshwiller, 2006;
Crawford, 2012; Willcox, 2012; Faris, 2014). These annual seed
plants are thought to respond to human management quickly
compared to other kinds of plants. Three categories of changes
can all be detected in archaeological records. Recent advances in
analytical technologies allow researchers to integrate different lines
of evidence and promote the ability to interpret genetic,
physiological, behavioral, and cultural components during the
process (Smith, 2006; Langlie et al., 2014). Here, we will
concentrate our discussion on the appropriate methods of
recognizing rice domestication and try to explain the intimately
associated human behavioral implications. In the last 50 years,
massive efforts have been invested in the study of rice
domestication and have generated many methods of
distinguishing wild and domesticated states of different forms of
rice materials, laying a foundation for exploring the process on
multiple layers. A series of macrofossil and microfossil analytical
methods will be the major part of our reexamination. The
underlying mechanisms of rice domestication are interpreted by
articulating the causally chained successive changes in phenotype,
genotype, and human behavior involved in each method.

3.1 Macrofossil evidence and its human
behavioral implication

3.1.1 Morphology of spikelet base

Reduction of seed shattering is a key domestication trait that
takes place in an early phase of human intervention in the rice life
cycle by a set of specific harvesting and reproducing strategies.
Genetic studies demonstrate that the gene mutation dominating this
phenotypic feature, such as sh4, SHA1, and qgSH3, existed prior to the
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genetic differentiation of subspecies in Oryza sativa, a very early
stage of rice domestication (Li et al., 2006; Lin et al., 2007; Sang and
Ge, 2007; Ishikawa et al., 2022). In morphology, the scar at the
spikelet base derived from separating the seed from the branch
shows varied shapes due to differing development of the abscission
layer controlled by these alleles. The clarification of this mechanism
provides a reliable genetic foundation for the application that the
morphology of spikelet base breakage can be used as a visible
indicator of determining the strength of seed shattering in a rice
population. The profile change of a non-shattering spikelet base in
an archaeological sample distinct from that in a wild rice population
signals a sustained period of selective pressure, which is commonly
induced by year-by-year harvest through panicle cutting and seed
sowing. It enables researchers to detect human behavioral changes
approaching the beginning of their intentional taking care of rice.
The identification criteria for attributing a specific form of
spikelet base to domestic or wild type remains controversial,
although some researchers have attempted to propose their own
strategies. Zheng et al. (2007) believe that wild, japonica, and indica
types of rice can be distinguished through the shape of spikelet base
breakage. Fuller et al. (2009) insist that the spikelet base of immature
harvested rice is distinguishable from that of mature seeds, and
mature specimens can be divided into wild and domestic types.
However, neither of them has ever provided a baseline reference
generated from systematic quantitative analysis of modern samples
attributed to different domestication intensities. Later, Pan (2011);
Pan (2017): 221-244) conducted an experimental archaeology
project in order to test the criteria for correctly linking spikelet
base morphology to the corresponding anthropogenic status,
i, wild versus domestic, japonica versus indica, and mature
versus immature. The results evidence that japonica and indica
samples cannot be distinguished in terms of spikelet base
morphology, and immature harvested spikelets do not show
distinguishable diagnosis at the breakage scar. She, therefore,
recommended a categorial duality principle for identifying the
archaeological specimens as wild-type and domestic-type. The
experiment further ascertains the quantitative criteria for tracing
the initial phase of seed shattering reduction with a high confidence
level. A rice sample with a domestic-type spikelet base percentage
above 20% can be safely identified as a domestic population, and a
sample with a domestic-type spikelet base percentage lower than
10% can be identified as a complete wild population. The sample
with domestic-type specimens between 10% and 20% falls within a
range overlapped by this parameter of wild and domestic samples, so
its domestication intensity should be identified as indeterminant in
terms of seed shattering. In reality, such an indeterminant sample
has not been recognized in the archaeological records in China.
Archaeobotanical studies at a series of sites, including Huxi,
Tianluoshan, Xuenan, Baligang, Jiahu, Majiabang, Caoxieshan,
Sushui River Valley, etc. (e.g., Gao, 2012; Deng et al, 2015;
Zheng et al, 2016; Zhang et al, 2018; Song et al, 2019; Qiu
et al, 2021; Huan et al, 2022a), documented the spatial and
temporal variations of the percentage of domestic-type
individuals in a rice spikelet base assemblage during
9,000-4,000 BP. Despite the increase in data, the archaeological
records involved in documenting the early phase of seed shattering
reduction are still scarce. Analyses of rice spikelet bases have been
reported from no more than six sites dated to 10,000-7,000 BP
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TABLE 1 Percentage of domestic-type spikelet base of the archaeological context dated to before 7,000 BP [based on the data from Zheng et al. (2007); Deng et al.
(2015); Zheng et al. (2016); Zhang et al. (2018); Qiu et al. (2021); Luo, (2022)] *The original report did not include indeterminant spikelet base number in calculation
of the percentage of domestic-type spikelet base, but it is included here.

Radiocarbon Percentage of Domestic-type Wild-type Indeterminant Total
date domestic-type spikelet spikelet base spikelet base spikelet base number  number
base (%) number number

Jiahu- 9,000-8,700 BP 68.68* 261 69 50 380
Phase 1

Jiahu- 8,600-8,200 BP 62.16* 46 13 15 74
Phase 2

Baligang 8,700-8,300 BP 66.40 251 34 93 378

Huxi 8,500 BP 38.89 49 77 126

Xuenan 8,400-8,000 BP 60 15 7 3 25

Jingtoushan 8,200-7,800 BP 58.02 228 20 145 393

Kuahugiao 8,000-7,000 BP 41.67 50 70 120

(Table 1). According to the data published so far, all of them yielded
rice populations with a domestic-type spikelet base percentage
higher than 20%, the minimal level for being identified as
addition, very few have provided
chronologically continuous profile recording the change in seed

domestic. In sites a
shattering from wild to domestic, but the data from phase 1 and
phase 2 at Jiahu are reported separately. This means that there is
great potential to trace human manipulation of rice to a pioneering
period much earlier than what we have previously discovered.

In large measure, human selection for non-brittle rice spikelets is
also inevitably accompanied by several other phenotypic traits to be
selected and altered. These include simultaneous maturation of
seeds, seed compaction on highly visible terminal stalks, and loss
of seed dormancy (Smith, 2006). From a behavioral perspective, the
selective pressure resulting from new human-created environments
gives rise to new rules of evolutionary success in the target rice
population (Smith, 2006: 18). This can also be explained by genetic
mechanism. For example, a genetic study reveals that shattering
QTLs and dormancy QTLs are linked to each other in several
chromosomal regions of the rice gene (Cai and Morishima,
2000). Although these associated domestication syndromes are
invisible in archaeological rice remains, changes in seed
shattering reasonably imply that humans sustain the particular
relationship with rice through activities including harvesting,

storing, and broadcasting for clear purposes.

3.1.2 Seed size

Change in seed size of annual plants is also a visible marker that
has been commonly analyzed to indicate the status of domestication
(Smith, 2006; Zeder, 2006), but whether this criterion is applicable to
identifying the initial or early stage of rice domestication remains
problematic (Liu et al., 2007; Crawford, 2012; Pan et al., 2017). First
of all, the enlargement of seed size is not verified by the rice remains
from an array of sites dated to earlier than 6,000 BP (Liu et al., 2007).
Compared to seed shattering reduction, seed size increase seems to
be a markedly lagged response adapted to human manipulations
operated on the rice population. Secondly, changes in seed size
variability distinct from the wild rice population have been
repeatedly observed in archaeological samples from before
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7,000 BP (Liu et al,, 2007; Gao, 2012; Deng et al., 2015), but very
little progress in statistical analysis and explanation of the
phenomena has been made. Although it was 15 years ago that
Liu et al. (2007) pointed out the issue for the first time, her
observation and suggestion are still valuable today for digging up
the human behavioral implications of seed size variability during
initial rice domestication. Generally speaking, the phenotypic
variation amplified due to plant and animal species populations
exposed to altered selective contexts is widely seen in evolutionary
processes (e.g., Price et al., 2003; Kelly et al., 2012; Evin et al., 2015).
It is not difficult to understand that human care removed or
restrained the natural selections operated on the wild rice
population so that the abnormally grown seeds that were
originally not able to survive until complete ripening would have
the chance to grow and develop into a thin or sterile state (not
immature). Their contribution to the seed stock for broadcasting in
the next growing season will be conserved and even enhanced in a
population. The validity of this trait indicating domestication
requires sufficient verification derived from archaeological
materials and comparison with modern reference samples.
Thirdly, another shift in rice seed size, whereby the ratio of
length to width of grain tends to decrease during
8,000-6,000 BP, was recognized by Deng et al. (2015) and Gao
(2012). However, this tendency seems a little more subtle. The
measurement of carbonized rice grain and statistical analysis may be
influenced by a variety of factors, including rice variety, temperature
and duration of firing during seed carbonization, sample size, etc., so
the dynamics of change in the ratio of length to width should be
carefully examined by multiple hypotheses. In addition, thickness
has never been included in seed shape analysis (Crawford, 2012:
616). If the seed becoming fatter in the early stage of rice
domestication could be verified, it would be worthwhile to
discern the genetic and behavioral mechanism of why the seed
size changes in this manner. In sum, for many decades, numerous
efforts to figure out a generalized pattern of seed size change
indicating through
measurement and statistical analysis have not arrived at a

initial rice domestication conventional
satisfying accomplishment. It also implies that a new method is
necessary. The computer-assisted morphometric method of
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processing data on seed morphological variation for distinguishing
wild and domestic populations designed by Rovner and Gyulai
(2007) may have great potential in this realm.

3.2 Microfossil evidence and its human
behavioral implications

3.2.1 Morphometrics of double-peaked tubercle
phytolith

In 1998, 25 years ago, Pearsall et al. (1995) and Zhao et al. (1998)
developed a set of prediction formulas based on systematic
of double-peaked phytolith
morphology of a series of modern rice samples for identifying
wild and domestic specimens. The method was successfully

discriminant analysis tubercle

employed in documenting the emergence of rice cultivation
around 10,000 BP and the subsequent intensification of the
domestication process until 7,000 BP at the Diaotonghuan site
(Zhao, 1998). It was also used to investigate the double-peaked
phytolith archaeologically unearthed from the Lower Yangzi River
(Wu et al,, 2014) and the Lower Huai River (Luo et al.,, 2016; Gu
et al, 2022; Qiu et al, 2022). An increased intensity in rice
domestication during 12,000-7,000 BP was documented in the
two regions. The advantage of this morphometric method
depends on the effective statistical method, but the relationship
between human behavioral changes pertaining to cultivation and
morphological changes in double-peaked phytolith has never been
discussed.

3.2.2 Morphometrics of bulliform phytolith

The investigation and application of bulliform or fan-shaped
phytolith has a longer history in the study of rice remains. Fujiwara’s
(1993) pioneering work developed a discriminant formula based on
his statistical studies of various rice varieties in Japan for
distinguishing japonica and indica subspecies. However, his
method is not ideally applicable to exploring archaeological
evidence of rice agriculture in mainland East Asia and many
adjacent areas because it did not include the precise identification
of wild rice. It was noticed that the wild specimens might be
incorrectly identified as japonica or indica (Wang and Lv, 2012;
Wang et al,, 2019a). Since, efforts to distinguish bulliform phytolith
from wild and domestic rice through a morphometric index have
been made by several researchers (Pearsall et al., 1995; Zhang et al.,
1998; Gu, 2000; Ma and Fang, 2007), but it has proven to be highly
difficult to generate a reliable quantitative standard for this aim. The
morphometric parameters of bulliform phytolith are influenced by a
number of factors, so the profiles of wild and domestic samples are
usually overlapped with each other.

3.2.3 Fish-scale shaped decorations of bulliform
phytolith

Another feature, the number of fish-scale-shaped decorations
along the bottom of bulliform phytolith, was intensively investigated
by Houyuan Lv’s team to set up a new identification standard. They
noticed that the bulliform phytolith of domesticated rice normally
showed 8-14 fish-scale-shaped decorations, while that from wild
rice commonly had less than 9 (Lu et al., 2002). A reference baseline
for identification was provided by the systematic sampling of surface
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soil in a wild, domesticated rice field and other vegetation, as well as
the quantitative analysis of phytolith assemblages in these samples
(Huan et al, 2015; Huan et al., 2020). This indicates that the
proportion of bulliform phytoliths with >9 fish-scale decorations
(abbreviated to “PBFS” as follows) in domesticated rice soil samples
was 57.6% * 8.7%, while the PBFS in wild rice soil samples was
17.46% + 8.29%. However, the PBFS in dry rice field soil samples was
11.5% =+ 5.3%. This means that domesticated dry rice cannot be
distinguished from wild rice by this method. Considering the limited
number of available dry rice samples (only four), it requires more
extensive data collection and dynamic explanation of the
phenomenon to replenish the current understanding. Lv’s team
of the
morphological change in fish-scale decorations and the biotic/

also proposed explanations linkage between the
abiotic factors modified during initial rice domestication (Huan
et al,, 2020). The bulliform cells in living grasses, like rice, play an
important role in leaf rolling in response to environmental stresses
such as water loss and high temperatures (e.g., Moulia, 2000; Li et al.,
2010; Zou et al., 2014; Zhang et al., 2015; Matschi et al., 2020). The
increase in the number of fish-scale decorations is caused by
frequent folding, shrinkage, and distortions of bulliform cells
squeezed by surrounding mesophyll, sclerenchyma, and
parenchyma cells during leaf rolling. It is also supported by
genetic studies indicating that a major part of rice leaf rolling
genes cloned so far are relevant to the development of bulliform
cells, and only a few are relevant to other cells (Zhou et al., 2018).
Therefore, this morphological change may be regarded as a drought
resistance response to the environmental fluctuations that may have
been associated with water availability, salinity, and other
hydrological ~conditions

behaviors.

most probably altered by human
Human-sustained year-by-year perturbations and
interventions in wild rice habitats can be reasonably considered
as a dynamic leading to a new hydrological regime. Although people
usually tend to mimic the physical conditions of or directly take
advantage of the habitat where the wild rice population is grown
during initial rice domestication, rice might be sensitive to such
stresses, which would stimulate immediate physiological effects.
Besides the above explanation, agronomic and genetic research
indicated that
photosynthesis efficiency and raises grain yield (e.g., Lang et al,
2004; Zhao et al,, 2016; Cho et al., 2018). Selection for rice plants
with a high yield may be concurrently related to the selection for the

has also moderate leaf rolling facilitates

leaf rolling phenotype. Therefore, the increase in the number of fish-
scale decorations of bulliform cells may also be one of the
consequences of purposeful yield enhancement.

Compared to the studies of macro-plant remains, interpretation
of PBES of archaeological data may require more careful verification
of depositional context, chronological background, associated
artifacts, and even material processing procedure. PBFS value is
not an indicator directly related to the intensity of rice
domestication. Its implication of rice cultivation is indirectly
inferred based on the mechanism through which rice responds to
environmental stresses by leaf rolling. Anthropogenic factors may or
may not contribute to the formation of these external stresses.
Therefore, to what extent and in what way human activity causes
changes in PBFS should be cautiously differentiated. So far, the PBES
in most archaeological soil samples dated to 10,000-7,000 BP ranges
between 20% and 60%, which falls within the range of between
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average wild rice and domesticated rice. The interpretation that
these rice populations were cultivated by people and the
domestication process had already been initiated is reasonable.
The complication exists in how to properly interpret the relative
difference of PBFS values. To document a continuous domestication
process, the PBES values of the samples from one site or one region
are generally expected to show an increasing tendency through time
and transcend the PBFS of wild rice. However, the chronological
changing pattern of PBFS is not consistent with the theoretical
expectations and varies in each region, which adds challenges to
clarifying the roles played respectively by the physical environment
and human activity in the long-term evolutionary process. This also
reminds us that the inter-regional comparison and interpretation of
PBFS records needs to take more variables into consideration.

3.2.4 Phytolith in spikelet base

A new type of phytolith, FUSIFORM ECHINATE, observed in
the rice spikelet base has been reported recently (Ge et al., 2022). The
primary analysis of wild and domesticated rice specimens of the AA
genome showed that fusiform echinate phytolith abundance was
significantly different between shattering and non-shattering
groups. The fusiform echinate phytolith abundance was reported
to be 264.84 + 162.8 for the O. nivara and O. rufipogon combined
group and 771.75 + 383.22 for the O. sativa group. Thus, the higher
fusiform echinate phytolith abundance in one spikelet base may
indicate a non-shattering phenotype of rice. This inspiring discovery
provides a new line of evidence directly related to the loss of seed
shattering, but its applicability to differentiating wild and
domesticated specimens from archaeological contexts still needs
to be improved. One problem regarding its reliability is the small
sample size currently available. A large sample normally requires at
least 30 specimens for statistical analysis, but each group reported in
the study contained less than 7. The large standard deviations of the
two groups mean that the data is spread far out, some of it being far
away from the mean. Another issue, which may be minor and easier
to resolve, relies on whether the fusiform echinate phytolith is
exclusively found in rice. Therefore, a more systematic analysis of
fusiform echinate phytolith in different rice varieties is expected.

3.3 Summary of methodology

To sum up, we suggest that the following criteria can be safely
accepted as empirical evidence for recognizing rice domestication,
especially in its early stages. The appearance of these visible or
detectable phenotypic traits can all be unequivocally connected to
and explained by certain genetic and behavioral mechanisms.
Human intentionality is presented by a long-term sustained
human-induced management or selective pressure imposed on
rice, which results in highly indicative traits. The methods are
listed by priority.

(1) The percentage of domestic-type rice spikelet base can be used
as evidence of the highest priority as it is directly associated with
human harvest strategy, and seed shattering reduction is most
probably the earliest domestication trait.

(2) The proportion of bulliform phytoliths with >9 fish-scale
decorations (PBFS) is sufficient to demonstrate rice domestication,
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but it is less directly connected to explicit human behavior.
Rather, the variation of PBFS indicates some complicated
relationships among rice, human behaviors, and physical
conditions. The anthropogenic factors must be carefully
verified.

(3) The morphometrics of double-peaked tubercle phytolith is also
sufficient in indicating domestication, but its genetic and
behavioral mechanisms are relatively unclear.

(4) To some extent, seed size may reflect the intensity of rice
domestication. However, this criterion is not properly
applicable to distinguishing the initial stage as seed size
change may take place long after humans begin to foster
wild rice, and the genetic and anthropogenic mechanism
causing the change is only partly known.

4 Geographic distribution of
archaeolo%ical evidence during
10,000-7,000 BP

The archaeological sites yielding rice remains and the associated
phenomena during 10,000-7,000 BP have served to outline a spatial
and temporal framework of the threshold of rice domestication and
its dispersal immediately following the scenario (Figure 2). Based on
the above methodological clarifications, we will carefully examine
the primary data and the demonstration of evidence by region.

4.1 The Middle Yangzi region

The Middle Yangzi region is one of the areas yielding the earliest
dated archaeological records of rice cultivation. The sites bearing
rice remains of 10,000-7,000 BP are scattered across a large area
extending from the main stream to tributaries. Since the end of the
last century, the Diaotonghuan site has been widely accepted as a
representative of early rice cultivation in East Asia, and the
Xianrendong site, despite its scarcity of rice remains, has been
attributed to the same culture due to its very close location and
similar pattern of artifact assemblage composed of pottery sherds,
lithics, and animal bones. The thousands of years-long rice
cultivation at Diaotonghuan was demonstrated by a continuous
increase in proportions of domestic double-peaked phytolith from
layer G to B (Zhao et al,, 1998). A dramatic shift throughout the
profile is shown in layers D and E, so their radiocarbon dates were
crucial. The youngest radiocarbon date of the two layers is 15,531 +
214 cal. BP, which is derived from the bone of layer D (School of
Archaeology and Museology, Peking University and Jiangxi
Provincial Institute of Cultural Heritage and Archaeology, 2014:
266-267). However, it seems to have been rejected by some
(e.g. 2006). Zhao (1998)
accepted the chronology in terms of the seriation of artifact

researchers Kuzmin, Eventually,
assemblages and ceramic typology proposed for the Neolithic
culture sequence in southern China. A transition from wild rice
utilization to rice cultivation starting by 11,000 BP and lasting until
7,000 BP is documented in this area. No macro-plant rice remains
dated to around 10,000 BP have been uncovered so far.
Pengtoushan and Bashidang of 9,000-8,000 BP, located 530 km

away from Diaotonghuan in the west, are the subsequent important

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1180376

Pan 10.3389/feart.2023.1180376
110°E 112°E 114°E 116°E 118°E 120°E 122°E  124°E| 110°E 112°E 114°E 116°E 118°E 120°E 122°E 124°E
38°N = T 38°N
36°N 36°N
34°N 34°N
32°N 5 32°N
30°N 30°N
28°N i 28°N
26°N 26°N
38°N 38°N
36°N 36°N
34°N | 34°N
32°N 32°N
30°N 30°N
28°N 28°N
26N — - - -— - 26°N
110°E 112°E 114°E 116°E 118°E 120°E 122°E  124°E [ 110°E 112°E 114°E 116°E 118°E 120°E 122°E 124°E
FIGURE 2

Maps of the archaeological sites yielding rice remains of 10,000-7,000 BP in China. 1. Shangshan; 2. Xianrendong and Diaotonghuan; 3. Qiaotou; 4.

Miaoshan; 5. Hehuashan; 6. Pengtoushan; 7. Jiahu; 8. Xiaohuangshan; 9. Huxi;

10. Kuahugiao; 11. Xiasun; 12. Jingtoushan; 13. Shunshanji; 14. Hanjing; 15.

Xuenan; 16. Shanlonggang; 17. Zhuzhai; 18. Bashidang; 19. Baligang; 20. Yuezhuang; 21. Xihe; 22. Xiaosungang; 23. Shuangdun; 24. Tanghu; 25. Peiligang;

26. Yuhuicun; 27. Dapingding.

sites. The rice remains from Pengtoushan are the husks and chaff
tempered in pottery sherds, so the observation is constrained to the
micro-scale impressions of the double-peaked tubercle structure of
the husk. The researchers suggested that morphometric analysis of
double-peaked structure revealed an ancient “japonica-prone” rice
population with mixed characteristics of wild, japonica, and indica
varieties (Zhang et al, 2003). A morphometric analysis of
carbonized rice grains from Bashidang, conducted by the same
researcher, classified them as “a primitive ancient cultivated
population that was evolving towards indica type” (Zhang and
Pei, 2002). However, our understanding of these descriptions
should not be restricted to the literal meaning. In fact, Zhang
and his colleagues intended to emphasize that the rice remains
from the two sites can hardly be categorized as japonica, indica, or
wild, although they might have been cultivated then. These were
published 20 years ago. No updated research has been reported.
However, rice cultivation associated with groundwater table
fluctuations in 8,600-8,000 BP at Bashidang is evidenced by
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double-peaked phytolith and pollen data (Liu et al, 2017). In
addition, Shanlonggang, a nearby site attributed to the late phase
of Pengtoushan culture and dated to around 8,000 BP, yielded
carbonized seeds including rice. The morphometric analysis of
rice grains based on the discriminant formula developed by Zhao
and Gu (2009) categorized 44% of specimens as domestic type and
56% as wild type (Gu et al., 2016). Although the evidence still seems
ambiguous and needs strengthening, the rice remains from
Pengtoushan culture have been generally accepted as being
domesticated.

4.2 The Lower Yangzi region

The Lower Yangzi region has yielded the richest materials for
documenting early rice domestication spanning a wide
chronological range from 10,000 to 6,000 BP. The earliest phase
of Shangshan culture can be traced back to more than 10,000 years
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FIGURE 3

Charts of the changes in rice phytoliths from the Neolithic sites in the Lower Yangzi region. (A) Chronological change in the proportion of bulliform
phytolith with >9 fish-scale decorations throughout the Neolithic period [based on the data adopted from Wu et al. (2014); Huan et al. (2014); Ma et al.
(2016); Huan et al. (2021); Huan et al. (2022a)]. The red dotted trendline calculated by moving average shows an increasing tendency. (B) The proportion
of bulliform phytolith with >9 fish-scale decorations in the Shangshan Culture and Kuahugiao Culture sites [based on the data adopted from Wu et al.

(2014); Huan et al. (2014); Ma et al. (2016); Huan et al. (2021)].

ago (Zhejiang Provincial Institute of Cultural Heritage and
Archaeology and Pujiang Museum, 2016). A major part of
pottery sherds are densely tempered with rice husks and chaff.
However, convincing macro-plant evidence of domestication prior
to 8,500 BP is not yet available. The earliest dated evidence comes
from the Huxi site (Zheng et al., 2016), but the most intriguing point
of it has been largely neglected. The rice spikelet base morphology
and the change in rice phytolith assemblages are complementary to
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each other in verifying loss of seed shattering no later than 8,600 BP.
The percentage of non-brittle spikelet bases being 38.89% is
sufficient to indicate a sustained selective pressure favoring seed
retention. The phytolith analysis of the profile in a probable ditch
structure showed a relatively high density of double-peaked tubercle
phytoliths with a few bulliform phytoliths during 9,000-8,400 BP
compared to a lower density of double-peaked tubercle phytoliths,
with huge increases in bulliform phytoliths after 8,400 BP. This
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means that, in the later phase, more spikelets were removed from the
wetland environment and more rice leaves remained, indicating a
panicle-cutting harvest strategy likely being practiced at Huxi. It
might have accelerated a continuous increase in anthropogenesis
involving rice cultivation and management of several species of grass
sharing the niche. A long-term process of loss of seed shattering has
been documented in the subsequent cultures of Kuahugqiao,
Hemudu, Majiabang, Songze, and Liangzhu (Zheng et al., 2007;
Allaby et al., 2017), but most of the existing evidence is from later
than 7,000 BP. Exploration focusing on seed shattering in the early-
middle Holocene still needs work.

An abundance of phytolith analyses also evidenced rice
domestication, in particular, clarifying rice cultivation during
10,000-8,500 BP (equivalent to the early and middle phases of
Shangshan culture). Both double-peaked tubercle phytoliths and
bulliform phytoliths have been carefully investigated at many
sites. A gradual process of rice domestication throughout the
Neolithic period was demonstrated by phytolith data (Huan et al.,
2014; Wu et al., 2014; Ma et al., 2016; Huan et al., 2021; Huan
et al., 2022b) (Figure 3A). It indicated that rice domestication was
initiated in Shangshan culture and its intensity approaching the
level of modern rice agriculture took place after the Late
Majiabang culture, approximately dated to 6,500-6,000 BP.
More detailed
including five

research focusing on Shangshan culture,

sites, revealed a complicated spatial and
temporal pattern of the early stage (Huan et al, 2014; Wu
et al, 2014; Ma et al, 2016; Huan et al., 2021). The rice
domestication intensity indicated by PBFS slowly improved
during 10,000-9,000 BP; it reached a relatively high level in
9,000-8,500 BP and slightly declined with fluctuations after
8,500 BP (Figure 3B). The PBFS value of the Hehuashan site is
markedly higher than those of the other sites, which was explained
by its location closer to the main channel of the Upper Qiantang
River (Huan et al., 2021). However, phytolith analysis at the same
site conducted by Qiu et al. (2019) did not show similar results,
probably because of the different sampling strategy and location
(Qiu, 2021). Although the tendency of rice domestication is
generally consistent with an expected pattern, it is necessary to
conduct detailed site-by-site investigations to figure out the
complex interrelationship of human behavior, water
environment, and rice responses to various changes and
comprehensively understand the homogeneity and diversity of
human behaviors of Shangshan culture.

Only two sites, Kuahuqiao and Jingtoushan, as well as some
strata in Shangshan culture sites are attributed to 8,000-7,000 BP.
Rice domestication at Kuahuqiao was well verified by multiple lines
of evidence (Zheng et al, 2007; Pan et al, 2017). The newly
excavated Jingtoushan site yielded carbonized rice grains (Sun
et al, 2021). The analysis of rice spikelet base morphology
showed at least 60% of specimens identified as domestic type,
clearly indicating that rice domestication was underway (Luo,
2022). However, the pollen and phytolith data of a geological
core at the edge of the Jingtoushan site did not provide robust
evidence for local rice cultivation (Liu et al., 2020; Deng et al., 2021).
Considering that the subsistence pattern of Jingtoushan is
characterized by marine resource exploitation, the relationship
between Jingtoushan people and the source of domestic rice

should be examined with caution.
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4.3 The Upper Huai River region

This region is characterized by its transitional topography and
terrain. Stretching north-south along the west part of the Huang-Huai-
Hai Plain, the sites are scattered on the interface where the Huai River
and the Qinling Mountain meet. Many streams that originate here run
southeast and converge with the Huai River, forming a densely
connected river network that may provide abundant water resources
for local agricultural practice. Rice cultivation in the region has a deep
history rooted in the subsistence of Peiligang and Yangshao cultures
(e.g, Yangetal,, 2016; Wang et al,, 2017; Wang et al., 2019b; Wang et al.,
2019¢; Cheng et al., 2022a; Huan et al., 2022a; Cheng et al., 2022b; Sun
et al,, 2022).

The Jiahu site dated to 9,000-7,500 BP vyielded the oldest rice
remains in the Upper Huai River. A recent study of rice spikelet base
evidenced that the rice population was domesticated during
9,000-8,200 BP (Zhang et al., 2018). Rice domestication was also
supported by the morphometric analysis of carbonized rice grains,
revealing not only their larger size compared to the counterparts of
other later Neolithic sites (Liu et al., 2007) but also a wider
distribution of measurements uncommonly seen in the wild rice
population (Zhang et al., 2009).

The Baligang, Zhuzhai, and Tanghu sites all have long
chronological sequences from the Peiligang period to the Zhou
period, providing well-documented sequences of agricultural
development. According to archaeobotanical research, the
agricultural pattern in the earliest phase of Baligang was only
represented by rice cultivation, while the other two started with
an agricultural system involving both rice and millet cultivations.
The analysis of rice spikelet base morphology at Baligang reflected
that an established domesticated rice population had already existed
in the pre-Yangshao period and was sustained throughout the entire
Neolithic and Bronze Age (Deng et al., 2015). Its earliest phase can
be traced back to 8,600-8,400 BP. Phytolith investigation suggested
that wetland rice cultivation was sustainedly practiced and
anthropogenic water conditions changed over time (Weisskopf
et al, 2015). Rice cultivation at Zhuzhai and Tanghu as early as
ca. 7,800 BP was documented by the morphometric analysis of
phytoliths (Zhang et al., 2012; Wang et al., 2018), while rice only
played a minor role in daily cuisine and local farming systems (Bestel
et al,, 2018; Wang et al., 2018). Peiligang, the well-known site dated
to 8,200-7,700 BP, yielded carbonized plant remains including rice,
common millet, and other fruits (Li et al., 2020), but no detailed
has been published. Despite the
archaeobotanical data directly relating to the early phase of rice

archaeobotanical report
domestication in this region not being as abundant as those from the
Lower Yangzi, systematic investigations in recent years have
provided very high-quality records. Furthermore, because of this,
the Upper Huai River region was suspected to be another potential
rice domestication center (Huan et al, 2022b), but it is not
empirically supportive so far.

4.4 The Lower Huai River region

In the recent decade, early rice domestication in the Lower Huai
River has been traced back to 8,500-8,400 BP at the Hanjing,
Xuenan, and Shunshanji sites. Phytolith analysis played a
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Chart of the proportion of bulliform phytolith with >9 fish-scale decorations and the proportion of domestic-type double-peaked phytolith of the
sites dated to 8,500~7,000 BP in the Lower Huai River region [drawn by the author based on Luo et al. (2016); Luo et al. (2019); Qiu et al. (2021); Qiu et al.

(2022); Gu et al. (2022)].

significant role in verifying rice agricultural practices, while most
sites yielded only a few carbonized rice remains. It is almost
impossible to learn about the traits, such as seed shattering and
seed size, and infer the corresponding human behaviors.

A set of paddy-like features was revealed at the Hanjing site,
which was composed of three pieces of depressed ground and
18 ditches connected to a contemporaneous paleochannel. As
evidenced by the phytolith data, it might have been the earliest
rice paddy, dated to ca. 8,400 BP (Qiu et al., 2022). This means that
rice cultivation in this region was relatively mature when it had just
appeared. Following this, a protracted process of rice domestication
spanning 1,500 years is demonstrated by the phytolith data from a
series of sites of Shunshanji and Shuangdun cultures (Luo et al,
2016; Luo et al., 2019; Qiu et al., 2021; Gu et al., 2022; Qiu et al,,
2022). The PBEFS values of all sites in this region are all higher than
that of wild rice and slowly increase over time, with an exceptional
peak at the Xuenan site. In contrast, the domestic type of double-
peaked phytolith shows a more remarkable rising tendency but with
more fluctuations (Figure 4). The rice arable system at Yuhuicun
might be rain-fed, unlike the paddy at Hanjing (Gu et al., 2022). At
the Xiaosungang site, the low percentage and ubiquity of rice in the
macro-plant remain assemblage implies that rice might not have
been a major starch source in diets around 7,000 BP (Cheng et al.,
2016).

4.5 The Lower Yellow River region

The earliest appearance of rice in the Lower Yellow River dates
back to approximately 8,000 BP. Charred rice grains and fragments
were uncovered from Xihe (Jin et al, 2014) and Yuezhuang
(Crawford et al, 2007; Crawford et al, 2016) sites. Only two
features of each site yielded rice in very small numbers, so the
occurrence of rice in Houli culture was quite incidental. This does
not allow morphological observations that are essential for
determining whether the rice is wild or domestic. Furthermore,
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rice did not reappear in archaeological records until the beginning of
the seventh millennium BP; thus, we lack hints to explain the source
of Houli rice. Two hypotheses have been proposed: 1) it was
imported from its original domestication place; 2) its distribution
reached the Lower Yellow River and was locally grown in the Houli
period (Crawford et al., 2007). The second seems less plausible, but
some researchers suggested that, based on the thermal niche
simulation, rice at Houli period sites could have been locally
grown or exploited by local hunter-gatherers during the climatic
optimum (Guedes et al., 2015). However, although climatic factors
may influence human decision-making, they cannot explain
everything because the subsistence pattern in nature is a major
cultural selection in human society largely involving perception,
subjectivity, preference, and so on. A better understanding of Houli
rice is seriously restricted by the shortage of useful archaeobotanical
information. Before the sophisticated hypotheses can be tested, we
must expect some research progress on both charred seeds and
phytoliths from the period prior to 7,000 BP to strengthen the
database for the study of Houli rice.

4.6 The Min River valley

The newly reported discovery of rice remains earlier than
7,000 BP in the Min River valley refreshed our understanding of
early rice dispersal along the east coast. Dapingding, located along
the river valley 50 km away from Fuzhou city, has a chronological
sequence including the Dapingding, Tanshishan, and
Huangguashan cultures from 7,600 to 3,500 BP (Wu, 2018; Zuo
et al,, 2022). Carbonized rice grains were uncovered from the filled
soil of a burial and charred rice husks were also found densely
tempered in pottery sherds (Wu, 2018), but they did not yield any
morphometric information. Typical rice phytoliths were uncovered
from pottery sherds, cultural midden, and burials. The PBFS value of
bulliform phytolith rose from 44% in the Dapingding period to 72%
in the Tanshishan and Huangguashan periods, implying a seemingly
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Chronology of the earliest occurrence of rice during 10,000-7,000 BP in the six regions.
100°E 110°E 120°E 40°N

40°N

30°N Il

Legend

Province boundary

30°N

Province capital city } NY\d P .
\\-\ River ’, > %,p.
Lak Y. b
¢ Lower &
Scale 1 :16 000 000 Min River
110°E 120°E
FIGURE 6

Probable routes of rice early dispersals across the large area covering the six sub-regions discussed in this article.
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intensified process of rice cultivation (Zuo et al., 2022). The
researcher suggested that the first appearance of rice in the Min
River valley should be cautiously regarded as incidental because no
archaeological rice record is known for the period of 7,000-6,000 BP.
Moreover, it is inferred to be introduced from the Lower Yangzi
through a coastal route (Zuo et al., 2022).

4.7 A proposed framework of initial rice
domestication and early dispersals

By outlining the temporal and spatial pattern of archaeological
rice records of 10,000-7,000 BP, a framework of initial rice
domestication and early dispersals can be proposed. Surprisingly,
we discovered that rice rapidly dispersed across a vast area closely
following the threshold of its being cultivated by humans, while the
rate of rice domestication in the early stage was rather slow (Allaby
et al.,, 2017).

The Middle and Lower Yangzi regions parallelly regarded as the
original places of rice domestication are supported by not only empirical
evidence (Zhao, 2011) but also regression modeling (Silva et al.,, 2015;
Long et al., 2022). None of the rice remains from the other areas date
back to as early as those from these two regions. The rice dated to later
than 10 millennia BP in other regions could have been introduced from
either of them (Figures 5, 6). Before 9,000 BP, rice utilization or
cultivation near the east end of the Middle Yangzi, Xianrendong,
and Diaotonghuan, expanded westward a great distance and was
well established in the region near the west end, in Pengtoushan
culture. Subsequently, the Peiligang communities in the Upper Huai
River acquired rice cultivation, most likely from Pengtoushan culture,
the nearest neighbor to the south of them. It is reasonable to infer that
the interactions between the Peiligang and Pengtoushan cultures,
indicated by the double-eared vessels incorporated in the pottery
assemblage of Pengtoushan, enabled the northward dispersal of the
rice and the adoption of rice cultivation (Chen, 2018).

The north-south routes along the east coast were constantly
available throughout the Neolithic, which allowed active exchanges
among the communities in the lower reaches of the Yellow River,
the Huai River, the Yangzi River, and the Min River (Figure 6). The
rice cultivation in the Lower Huai River seems to have been
introduced most likely from the Upper Huai River. However,
the interactions between Shunshanji and contemporaneous
cultures were complicated. In terms of the cultural connections
shown by pottery typology, the first and second phases of
Shunshanji dated to 8,500-8,000 BP more or less shared
features with Houli, Peiligang, and Pengtoushan, while the third
phase dated to 8,000-7,500 BP was more closely related to
Kuahugiao (Nanjing Museum and Sihong Museum, 2016). The
data in hand is insufficient for evaluating whether the culture in the
Lower Yangzi might have impacted its neighbor to the north, so the
alternative possibility that it came from the Lower Yangzi cannot
be completely excluded. The sporadic occurrences of rice in the
Lower Yellow River might have been imported from the Lower
Huai River or the Upper Huai River via the Yellow River
watercourse. The Houli communities seemed to be quite
hesitant about adopting rice. In south China, the Min River
valley witnessed a relatively late arrival of rice cultivation, most
probably coming from the Lower Yangzi.
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Many details are yet to be discovered, and the proposed diffusion
routes need to be tested. Given that this map of the long journey of
rice in its early phase of domestication is drawn based on data that
were strictly assessed in the sense of human behavior, rather than on
the description of phenotypic traits, further discussions on
ecological inheritance, social learning and cultural transmission,
subsistence tradition, and so on, can be coherently incorporated into
the explanatory framework.

5 A prospect of the study of initial rice
domestication and early dispersals
from a human behavioral perspective

It is predictable that, in future archaeological studies of rice
domestication, how to design a clearly-aimed research strategy, by
what standard to assess and accept evidence, and making appropriate
interpretations of abundant data will become increasingly significant.
Rice domestication is not merely a biological problem; the process is
inevitably woven into the daily life and cultural practices of human
society. Rice cultivation, on the one hand, reshaped the morphological
and genetic profile of rice, and on the other hand, is also constrained by
its intrinsic life cycle and physiological characteristics. Research
difficulty, in the face of the enrichment of datasets derived from
archaeological materials, lies in the ability to distinguish natural
factors and anthropogenesis that operate on the rice population and
the environment inhabited by it. Only by clarifying the multiple-layered
components tangled in the process can we understand how active or
passive humans might be and what elements have promoted or
prohibited the interactions between humans and rice. According to
the paradigm proposed by Zeder (2006) and Smith (2006), there is a
wide range of issues regarding multiple realms of rice domestication
that can be elaborately discussed, but here, we intend to concentrate the
following discussion on a human-behavior-centered view to detect the
evidence and evolutionary process of initial rice domestication.

First of all, conceptually, the
“domestication” does not advocate a terminal point or stage that

scientific perception of

has been pursued during the domestication process but rather
emphasizes the differences in domestication intensity. Depending
on which one trait or combination of traits, or what time is chosen to
be observed, the consequences of domestication should be
understood as relative. For rice, domestication has been
constantly underway throughout the past 10 millennia and is still
proceeding today. As long as the interactions between humans and
rice are sustained, rice domestication will never be completed.
Therefore, it is inappropriate to ask questions regarding when
rice was fully domesticated or when rice domestication was
completed. Instead, a meaningful scientific question requires a
precise definition of the state of rice domestication, such as how
long it took to domesticate a wild population into one with a 50%
reduction of seed shattering.

Secondly, we should not neglect that the significant progress in
biochemistry and molecular genetics has also provided some
techniques to acquire information closely related to human
behaviors that cannot be revealed by conventional methods.
Strontium isotope analysis has the potential to contribute to the
study. It can exclude, not confirm, the possible geographic source of

the analyzed biological sample. By integrating the information
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derived from other materials, it may ascertain whether the rice was
planted at the place of its being unearthed. If an archaeological rice
population can be proven to be imported from elsewhere, it implies
that human management should have been indispensable. It may
also generate the inference that the human communities engaged in
different subsistence patterns might be exchanging their cultigens
and other resources. Our understanding of how the early diffusion of
rice resulted in rice evolutionary differentiation associated with
domestication will be enriched by these studies. Although
researchers are often worried about the contamination problem
caused by post-depositional conditions, some efforts have shown
that the the
environment can be successfully removed from organic samples

contaminating strontium from depositional
uncovered archaeologically (e.g., Carnap-Bornheim et al., 2007).

DNA technology has been considered another exciting tool for
detecting genetic data of rice domestication. Here, we refer to the
application of DNA techniques in particular in investigating
archaeological remains. Unlike animal and human bones, plant
remains do not yield DNA fragments that are good enough for
polymerase chain reaction and sequencing. The reasons for this may
include preservation conditions, a fragile state of material, and
difficulties in the extraction of very tiny amounts of ancient DNA
fragments. Desiccated and waterlogged rice remains commonly contain
more ancient DNA available for analysis than carbonized spikelets and
grains, which usually lead to failure in such studies. Contamination is
also a notoriously inevitable concern, particularly because the tissue
structure of rice is typically fragile and less dense than that of bone,
making the processing of tested material even more challenging. With
the high-throughput, next-generation sequencing technology, ancient
DNA research is able to increase the efficiency of DNA extraction and
the amount of DNA that could be targeted in a single experiment
(Shapiro and Hofreiter, 2014; Brown et al., 2015). If these problems can
be properly resolved in investigating archaeological rice, the materials
may produce direct evidence of domestication genes or molecular
signatures of selection under domestication. It will further provide
invaluable information to assess the extent of the domestication
bottleneck experienced by a certain rice population, to trace the
genetic kinship of a modern population back to some ancient
candidates, or to testify rice dispersals on different scales.

Although we are now able to capture the signatures of rice
domestication at an early stage, an array of human actions that were
necessary for ensuring successful year-to-year harvest have yet to be
taken into account. Previously, researchers presumed that rice
cultivation might have been very primitive in its early
development and a series of field management strategies such as
weeding, irrigation, deinsectization, and fertilization might have
been carried out as late as the artificial paddy was created.
However, the recovery of Hanjing rice paddy reminds us that the
elaborate facilities and manipulating methods must have appeared
early beyond expectation. These phenomena draw our attention to
the intentionality of early rice cultivators. Some lines of evidence
may suggest that a certain form of resource allocation or adjustment
might be deliberately conducted to achieve some purposes even
though a few natural processes and ecological laws were taken
of.

anthropogenic control of weeds can be reflected by the fine-

advantage For example, crop-weed competition and

resolution temporal and spatial analysis of macro- and micro-
fossils. Plant diseases and crop failures resulting from fungal
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infection or insect pests may be more challenging to detect, but
advanced environmental
breakthrough
methods, including geophysical and geochemical techniques, still

genomic technology may make

contributions.  Systematic  geoarchaeological
have great potential in revealing human manipulation and
regulation of water conditions.

Finally, we would like to expand on the implications of
archaeological rice records. Rice is significant in archaeological
research, not only because it became a world-popular starchy
staple food thousands of years later but also because it should be
regarded as a diagnostic indicator of a whole set of human behaviors
managing a variety of plant species in the niche. This means that, as
just one of the consequences of holistic human ecosystem
engineering, rice was not the only plant species engaged in the
agroecological system created by humans. Identification of rice
domestication provides the best clue of further detecting a wider
human behavioral background for understanding how and why a
long-term sustained agricultural pattern could achieve success. For
example, water caltrop, foxnut, and acorns might have been
managed by people at the Kuahuqiao site (Pan et al, 2017).
More definitely, broomcorn and foxtail millets were planted at
the Baligang, Zhuzhai, Tanghu, and Peiligang sites, along with
rice cultivation. These all imply that the early rice cultivators
skilled
maintaining a long-lasting productive ecosystem through diverse

were multiple-plant agriculturalists who were in
forms of anthropogenic interventions in many plant species’ life
cycles. The habitat managed by the early rice cultivators, therefore,
might have allowed more subsistence resilience and trial and error in

rice domestication.
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