
(Fig. S1B). With this evidence we used14C dating of phytoliths
retrieved from different cultural layers of Shangshan (Fig. S1A)
and Hehuashan, located near Shangshan (N 29°2�19.60��, E 119°14�
57.48��, 62 m above sea level) (Fig. S1C) to constrain the initial
occupation and chronologies of the rice remains at these two sites.
We also discuss the characteristics of these earliest rice remains
with respect to their wild or domesticated status using established
rice bulliform phytolith morphological differences (25) (Materials
and Methods).

Results
Phytolith 14C Determinations and Comparison with Dates on Other
Organic Materials. To assess the efficiency of phytolith-extracting
protocols, we used multichecking methods, such as optical mi-
croscopy; scanning electron microscopy and energy-dispersive
spectrometer (SEM-EDS); and X-ray diffraction (XRD). As Fig. 2
shows, the extracted phytoliths appear white. No extraneous
organic materials were observed with an optical microscope and
SEM-EDS analysis also showed the absence of exogenous con-
tamination from organic materials on the phytolith surfaces (Fig.
S2). XRD analysis shows that carbonate, clay, and other minerals
were completely excluded (Fig. S3), indicating the efficiency of
the phytolith extraction protocol. Thus, the measured14C values
of the phytoliths are shown with a high level of confidence to be
from the phytolith samples themselves. We then obtained a total
of 18 accelerator mass spectrometry (AMS) radiocarbon deter-
minations, including nine on phytoliths. Other dates are from
paired charcoal or seeds samples.

The Huxi site has been divided into seven subphases, including
the Late Shangshan culture (26). Large amounts of charcoal, plant
seeds, and phytoliths were preserved in the sediment because of
the relatively anaerobic conditions of the site (27). From Huxi, we
compared five phytolith dates with their paired charcoal samples
(Fig. 3 and Table 1). Detailed carbon information, such as
graphite, carbon yield rate, and fraction modern is shown inTable
S1. The results show a high level of correspondence, with the
exception of one outlier (HX-5-P). In four of the cases (HX-7-P,
HX-7-C2, HX-6-P, and HX-6-C2), the 2� probability distributions
are virtually identical, and in one of the others there is a partial
overlap. Two phytolith dates (HX-8-P and HX-7-P) from the
eighth and seventh strata also show good consistency with pub-
lished charcoal dates measured by the Peking University AMS
Laboratory, which yielded ages of 8,790± 190 and 8,510± 80 B.P.,
respectively (27). The phytolith date (HX-5-P) that did not fall
within the calibrated 2� range of its paired charcoal sample (HX-
5-C), may actually be the more reasonable determination. The

charcoal sample dated was very small (<1 mg) (Fig. S4), having
shown a substantial reaction on pretreatment facility with acid
washes, indicating carbonate was present. Although alkaline treat-
ment was done to remove humic acid, pretreatment could not be
completed for fear that not enough would be left to date. Unre-
moved humics may have caused the discrepancy between it and its
paired phytolith date. The consistency between the phytolith14C
ages and their paired charcoal samples indicate that phytolith dating
is reliable and can be used either as single-factor dating when
charcoal samples are limited or absent, or along with charcoal as
additional sources of14C determinations.

The results of our phytolith dating at Shangshan are as follows.
Two phytoliths dates from the early (upper layer of the eighth
cultural stratum) and late stages (upper layer of the fifth cultural
stratum) of the site range in age from 8280± 40 B.P. (±2� : 9,417–
9,134 cal yr B.P.) to 7280± 40 B.P. (±2� : 8,175–8,012 cal yr B.P.).
This finding suggests that the initial occupation of Shangshan may
have occurred at about 9,400 cal yr B.P. or perhaps somewhat
earlier, around 10,000 cal yr B.P., because phytolith sample SH-8
was retrieved between the seventh and eighth cultural strata of the
site. The 8,175–8,012 cal yr B.P. phytolith date (SH-5-P) from a
later stage of Shangshan is about 500 y younger than the pottery-
based upper age limit of this site. This date probably reflects a
transitional cultural period from the Shangshan to the Kuahuqiao
culture (8,000–7,400 cal yr B.P.).

We then used phytolith dating to further construct the
Hehuashan site chronology, previously sequenced as the Middle
Shangshan culture (26). Three samples (two charcoal and one
nutshell) recovered from pits at Hehuashan allowed us to further
evaluate the reliability of phytolith dates. A phytolith date
(HHS-5-P) completely overlaps with nutshell dates within±2�
uncertainty (Fig. 3). Another phytolith date (HHS-3-P) is well
within the dates obtained from charcoal samples. Thus, the
phytolith dates provide a coherent chronology for Hehuashan, in
good agreement with reliable, nonceramic-derived dating mate-
rials. The range of the phytolith dates from 8130± 40 B.P.
(9,121–8,992 cal yr B.P.) to 8040± 30 B.P. (9,030–8,762 cal yr
B.P.), suggest Hehuashan was initially occupied at ca. 9,000 cal yr
B.P., later than the early habitation of Shangshan.

Identification of Oryza at Shangshan. Whether the rice recovered
from Shangshan is wild or domesticated has been a subject of
debate in recent years (28). Although rice spikelet bases are
considered key to documenting rice domestication (3), few ofFig. 1. Locations of archaeological sites.

Fig. 2. Images and EDS analysis of phytoliths extracted from cultural layers.
(A) Images of phytoliths; ( B) optical microscopy of phytoliths; ( C) SEM images
of phytoliths; and ( D) EDS analysis of phytolith surface. (The white boxes are
EDS spectra of phytoliths, which are shown in Fig. S2.)
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cultivation and domestication would agree with the parallel begin-
nings of agriculture in other regions of the world during a period of
profound environmental change, when the Pleistocene was tran-
sitioning into the Holocene (45). For example, in the Old World,
new archaeological evidence demonstrates millet (Setaria) exploi-
tation and domestication beginning between approximately 11,000
and 9,000 cal yr B.P. in Northern China (46–48), although some
dates are controversial (49). In the Near East, accumulated evi-
dence from archaeobotanical remains demonstrates an initial
management of wild plants at 11,500 cal yr B.P., with domestication
evidenced about 10,000 cal yr B.P. (50). In the New World, the
earliest crops, such as lerén (Calathea allouia), arrowroot (Maranta
arundinacea), and Cucurbita moschata squash first appeared at
approximately 10,200 cal yr B.P. in northern South America and

maize was domesticated in Mexico by approximately 9,000 cal yr
B.P. (51). The global climate experienced dramatic changes from
cold glacial to warm interglacial during the transitional period be-
tween the Pleistocene and Holocene (52). In East Asia, a significant
strengthening monsoon at about 9,500 y B.P. (53) was consistent
with the initial occupation of Shangshan. It appears that during
these periods, as hunter-gatherers in China were establishing the
first sedentary villages (54), wild rice (Oryza rufipogon) was selected
as the first plant to cultivate at the Shangshan site. Climatic ame-
lioration during these transitional periods may thus serve as key
factors in the process of rice domestication.

Materials and Methods
Sample Collection. Soil samples (for extraction of phytoliths) and their paired
charcoal or seeds samples were collected during the winter of 2015 from three
archaeological sites (Shangshan, Hehuashan, and Huxi) in the Jinqu Basin of
Zhejinang province (Fig. 1). These sites belong to the earliest Neolithic culture
of the lower Yangtze River, the Shangshan Culture, which lasted from
∼11,000–8,600 cal yr B.P. (10). As Fig. S1B shows, the 2-m depth of the Huxi
stratigrahphic profile consists of eight cultural layers. Sediment from the eighth
to fourth strata developed during the middle and later phases of the Shang-
shan Culture (9,000–8,300 cal yr B.P.). Soil samples and charcoal were collected
from the eighth to fifth strata. Only soil samples were collected in the fourth
stratum because of the absence of charcoal and other dating materials. Two
soil samples were collected from both the Shangshan and Hehuashan sites.
Because of acidic soil conditions, few charcoal or seeds were recovered from
Shangshan. Two charcoal samples and a nutshell were recovered after a large
amount of flotation work was carried out on several pits in the Hehuashan site.

Phytolith Extraction. A wet oxidation method that improves upon previous
extraction processes was used for extracting phytoliths from the soil (21, 55–

57). The detailed steps are as follows: (i) ∼130 g of dry soil was crushed and
sieved to 500 μm; (ii) the sample was deflocculated with 5% sodium poly-
phosphates, then washed with distilled water three to four times; (iii) or-
ganic matter was first oxidized by 250 mL of H2O2 (30%) for 12 h at room
temperature, and then heated in a water bath until the reaction stopped,
then washed with distilled water three times; (iv) carbonates were elimi-
nated using 200 mL of HCl (10%) by heating for 30 min, then washed with
distilled water three times; (v) the >250-μm fraction was separated by wet
sieving, and the remaining sample was disaggregated from the organic
material and clay by ultrasonic treatment for 20 min; (vi) clays (<5 μm) were
removed by gravity sedimentation until the sample was clear; (vii) the

Fig. 4. Morphological characteristics of rice bulliform phytoliths from
Shangshan, Hehuashan, and Huxi sites. HL, horizontal length (black circles);
VL, vertical length of rice bulliform (black squares); black error bar
represent ±1 SD; red diamonds represent the fish-scale decorations of rice
bulliforms; SH-8 (9,417–9,134 cal yr B.P.), HHS-5 (9,121–8,992 cal yr B.P.), HHS-3
(9,030–8,762 cal yr B.P.), and HX-6 (8,406–8,221 cal yr B.P.).

Table 1. AMS radiocarbon dating results

Lab ID Archaeological sites Sample code Dating materials 13C/12C ratio
Conventional
age (B.P.) 2σ Calibration (cal B.P.)

434204 Shangshan SH-8-P Phytolith NA* 8280 ± 40 9,417–9,134
434203 Shangshan SH-5-P Phytolith NA* 7280 ± 40 8,175–8,012
438410 Hehuashan HHS-5-P Phytolith −26.7 0/00 8130 ± 40 9,121–8,992
438409 Hehuashan HHS-3-P Phytolith −25.1 0/00 8040 ± 30 9,030–8,762
363178 Hehuashan HHS-C1 Char −26.3 0/00 7810 ± 40 8,699–8,459
363179 Hehuashan HHS-C2 Char −26.0 0/00 8170 ± 40 9,255–9,015
363180 Hehuashan HHS-N Nutshell −25.4 0/00 8050 ± 40 9,078–8,772
434202 Huxi HX-4-P Phytolith NA* 7310 ± 40 8,186–8,021
438411 Huxi HX-5-P Phytolith −24.7 0/00 7180 ± 40 8,152–7,934
438412 Huxi HX-5-C Char −24.7 0/00 6710 ± 40 7,659–7,507
434199 Huxi HX-6-P Phytolith −25.9 0/00 7530 ± 30 8,406–8,221
434197 Huxi HX-6-C1 Char −24.6 0/00 7660 ± 40 8,540–8,393
358085 Huxi HX-6-C2 Char −27.5 0/00 7570 ± 50 8,456–8,212
406654 Huxi HX-7-P Phytolith −25.7 0/00 7680 ± 30 8,540–8,412
407469 Huxi HX-7-C1 Char −25.9 0/00 7820 ± 30 8,685–8,541
358084 Huxi HX-7-C2 Char −26.1 0/00 7690 ± 40 8,553–8,405
434200 Huxi HX-8-P Phytolith −25.4 0/00 7870 ± 40 8,953–8,553
434195 Huxi HX-8-C Char −23.5 0/00 7790 ± 40 8,637–8,455

Dating results include an uncertainty of ±2σ. All conventional ages were calibrated to calendar years using OXCal v4.2.4 and the
IntCal13 calibration curve. NA, not applicable.
*The original sample was too small to provide a δ13C on the original material. However, a ratio including both natural and laboratory
effects was measured during 14C detection to calculate the true Conventional Radiocarbon Age.
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remaining higher-resistance materials were oxidized with 200 mL of HNO3

and a pinch of KClO3 by heating for 1 h, then washed with distilled water
three to four times; (viii) phytoliths were extracted by washing three times
with 200 mL of heavy liquid (ZnBr2) with a specific density of 2.35 g/cm3 and
then three times with distilled water; (ix) extracted phytoliths were further
sieved to 7 μm to remove clay, and then the recovered remains in the sieve
were treated with 20 mL of H2O2 (30%) in a tube for 20 min, before being
neutralized with distilled water; (x) finally, the recovered phytoliths were
dried at 60 °C for 24 h for testing. Note that gravity sedimentation was used
to wash samples before step (viii). However, a centrifuge was used to extract
phytoliths and wash samples after step (viii).

Phytolith Purity Check. The purity of phytolith concentration was first checked
by optical microscopy, then further checked for extraneous organic materials
by SEM-EDS analyses. EDS analysis was conducted to obtain quantitative
information on the elemental compositions of the samples. It was used to
verify phytolith purity and also to evaluate routine extraction processes (39,
58). In the EDS procedure, phytolith samples were first placed onto double-
sided carbon tape and mounted on a stub. Then, a thin and highly con-
ductive gold film was coated on the surface of samples using a vacuum
sputter-coater to improve the quality of the SEM images. In this study,
extracted phytoliths were analyzed using an SEM (Nova NanoSEM 450)
linked to an EDS system (Aztec).

XRD is a rapid analytical technique mainly used for detection of crystalline
structure. Here, we mainly used this technique to detect if carbonate, clays,
and other minerals were still present in the extracted phytoliths. Air-dried
phytoliths were first ground to <45 μm. Phytolith powders were placed in-
to a sample holder. Then, the powders were smeared uniformly onto a glass
slide, and a flat upper surface was ensured. Finally, the sample holder was
placed into a sample container for detection. In this study, phytoliths were
analyzed by XRD using a PANAlytical diffractometer at the Laboratory of
Soil Structure and Materials, Institute of Geology and Geophysics, Chinese
Academy of Sciences.

14C Measurement. All phytolith and charcoal samples were sent to Beta An-
alytic Inc. Laboratory for radiocarbon dating. The submitted phytolith
samples were suspended in deionized water and tested for neutral pH. All
were found to have neutral pH. The samples were then centrifuged, vacuum
desiccated, and weighed. In each case, 14C-free tin was added to approxi-
mately double the volume of the sample. The mixture was placed into a
quartz container, which was inserted into a chemistry line and the line
evacuated of all air. The chemistry line was evacuated to <0.2 mtorr and
back-filled with 9.9999 Ar and 14C-free water six times to ensure the absence
of any 14CO2 within the chemistry. The closed system was validated for
vacuum integrity and then filled to 800 Torr with 9.9999 O2. Active O2 flow
was established with collection traps encased in methanol slush to remove
water and liquid nitrogen to collect combusted CO2. To combust the sample, a
flame with a temperature higher than 1,000 °C was applied to the quartz
container. In the process of combustion, the tin oxidized exothermically pro-
ducing temperatures in excess of 1,400 °C. Upon completion of combustion, a
small portion of gas was collected separately for δ13C analysis in an isotope
ratio mass spectometer to obtain a value representative of the sample mate-
rial. The remainder of the CO2 was collected in a quartz vessel containing a
cobalt catalyst. Hydrogen (9.9999 purity) was added in a proportion of 3:1 H2

to CO2 and heated for 5 h at 595 °C. The evolved graphite was pressed directly
from the graphitization vessel into a 14C-free cathode target and loaded into a
40 sample wheel designed for the National Electrostatics Corp (NEC) Source of
Negative Ions by Cesium Sputtering source. Additionally, procedural blanks
and standards run identically to the unknown were loaded into the wheel. The
wheel was placed into an NEC 250Kv single-stage AMS system and sub-
sequently calibrated and run over a 24-h period to derive the δ13C-corrected
fraction of modern values relative to NIST-4990C (oxalic acid). The expected
results for procedural standards were first validated, and the final radiocarbon
age was then calculated and reported.

The standard acid-base-acid method was used to prepare the charcoal
samples for radiocarbon analysis. Each sample was first visually inspected for
size and durability. If necessary, it was reduced to 1- to 2-mm particles
through dissecting and crushing followed by saturationwith 0.1 N HCl heated
to 70 °C for 1–2 h. After rinsing to neutral, 1–2% alkali was then repeatedly
applied (50/50 wt NaOH) at 70 °C until no color change was observed or
reasonable reduction in mass was observed. After rinsing to neutral, a final
hot-acid wash (0.1 N HCl) was applied to ensure the alkali was neutralized,
and once again rinsed to neutral. During this process, all roots and organic
debris were eliminated. The sample was desiccated for 12–24 h, then mi-
croscopically examined for cleanliness, uniformity, and measured either as a
whole or subsampled appropriately, where applicable. Combustion was then
performed under 100% 9.9999 oxygen, as described for the phytoliths.
Thereafter, they were subjected the same treatment process described
above to produce graphite and the subsequent AMS results. No tin was
needed because ready combustion was achieved at temperatures in excess
of 1,000 °C.

All conventional 14C ages were calibrated using OXCal v4.2.2 (59) and the
IntCal 13 atmospheric curve (60). A total of 18 samples were analyzed for
their 14C contents. Of these, nine were phytolith samples, and the others
were charcoal samples or nutshells.

Morphology of Rice Bulliform Phytoliths. The fish-scale decorations on the
edges of rice bulliforms can be used to differentiate wild rice from domes-
ticated rice. It is well established that bulliform phytoliths of domesticated
rice usually have more than nine fish-scale decorations, whereas wild rice
varieties have fewer than nine (9, 25, 30) (Fig. S5). The vertical and horizontal
lengths of rice bulliforms are an alternative, if possibly less secure, proxy for
tracking the domestication process. Bulliforms of domesticated rice are
usually, if not always, larger than wild ones (31). In this study, at least 50 rice
bulliforms were counted and measured for each sample from Shangshan
(stratum eight), Hehuashan (strata five and three), and Huxi (stratum
six) sites.
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