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The archaeological sediment successions from theWanbei site provide an ideal case for reconstructing both natural
and human-induced environmental changes in the middle and lower reaches of the Huai River valley located in the
transitional zone of easternChina during theMiddleHolocene. The findings of thiswork, in terms of phytoliths, pol-
len and spores, and chemical elemental analyses suggest that the climatic conditions thatwere recorded in theWanbei
profile respondedwell to broader climatic changes, with an overall warm and humid climate during 5700–5300 a BP,
albeit with a cooling trend between 5600 and 5400 a BP. Rice (Oryza sativa) was always themain cereal crop inmixed
rice-millet farming owing to warm and humid conditions, although the proportions of broomcorn millet (Panicum
miliaceum) and foxtail millet (Setaria italica) significantly increased during the cooling period. The structural char-
acteristics and adjustments of mixed farming over time show an adaptation strategy in response to the climatic
changes at Wanbei. Furthermore, multiple indicators reveal that human activities at the Wanbei site would increase
rather thandecreaseduring thecoolingperiodbetween5600and5400aBP.This studynotonlyhighlights thedynamic
nature of early agricultural societies, but also enhancesourunderstandingof their adaptation strategies in response to
climatic changes in the middle and lower Huai River valley during the Middle Holocene.
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Human activities and climate change have an interde-
pendent relationship, which has significant social and
economic implications and has attracted increasing
attention in the research community in recent decades
(Chen et al. 2015; Cruz et al. 2017; Park et al. 2019;
Perşoiu et al. 2019; Ran & Chen 2019; Pleskot
et al. 2020). Many lines of evidence illustrate that social
development, especially in prehistoric times, was highly
vulnerable to climatic changes (Dong et al. 2012; Kajita
et al. 2018; Murari et al. 2018; Kawahata 2019; Jia
et al. 2021). Moreover, human activities, especially agri-
culture, have significantly affected the structure, pro-
cesses and functions of ecosystems during the
Holocene (Sun et al. 2021; Zapolska et al. 2023). Under-
standing past human–climate interactions has impor-
tant implications both for exploring the long-term
developmental process of human culture and agriculture
and for better assessing human adaptation strategies in
the context of longer-term climatic changes (Dearing
et al. 2006; Burdanowitz et al. 2019).

Themiddle and lowerHuaiRiver valley, located in the
transitional regionbetween thenorthern subtropical and
warm temperate zones, aswell as the humid and semihu-
mid zones in eastern China, are sensitive to both global
and regional climatic change. Since the Early Holocene,
the regionhas experienced frequenthumanactivities and

finally became an important part of the birthplace of
Chinese civilization (Zhou 1999; Zhang 2018). Hence,
the distinctive geographical and cultural characteristics
of the middle and lower Huai River valley make it an
ideal region for studying the relationships between
human activities and climatic changes.

Over recent decades, multi-proxy analyses of natural
sediments (e.g. pollen, spores, foraminifera; Jin et al.
1987;Tanget al. 1993)havenotonly reconstructedHolo-
cene climate evolution sequences but also substantiated
the pivotal role of climatic changes in driving the evolu-
tion of human subsistence strategies in this region (Hu
et al. 2018; Jiang et al. 2018; Yu et al. 2024). Those stud-
ies, however, were unable to establish a high-resolution
chronology for the association of climatic changes and
human activities, because the analysed natural deposits
(i.e. lacustrine sediments and peat layers) are commonly
discontinuous and cover long time spans. Additionally,
archaeological sedimentary records based on phytolith
analysis at the Shuanshanji site (Wu et al. 2017; Luo
et al. 2021), magnetic susceptibility and elemental geo-
chemistry analysis at Yuchisi and Yuhuicun sites (Ma
et al. 2006; Xu 2009; Zhang et al. 2010) and pollen and
spores analysis atWanbei site (Tang et al. 1991) focussed
mainly on climatic changes and their interactions with
ancient culture during the existence of each site. Despite
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intensive palaeoclimate research and associated archae-
ological studies over the last decades, the climatic condi-
tions and how ancient humans adapted to the changes
during the Neolithic Age are still poorly understood,
especially during the critical period of the emergence
of social complexity in the middle and lower Huai River
valley.

The Wanbei site (34°15022.300 N, 118°49057.600 E),
located approximately 15 km north of Shuyang County,
Jiangsu Province, lies at the intersection of the Yi River
and Shu River, which are two tributaries of the Huai
River (Fig. 1). Multiple excavations reveal that the site
has local characteristics and is significantly influenced
by Haidai cultures, as seen in the unearthed objects that
cover the Beixing Culture, Dawenkou Culture, Yueshi
Culture and others (NanjingMuseum1992), whichwere
key timepoints in the emergenceof social complexityand
the origin of Chinese civilization. Previous studies have
indicated that mixed farming of rice and millet (Cheng
et al. 2020; Tian et al. 2023) and animal husbandry
(Li 1991), together with gathering, hunting and fishing,
were significant subsistence strategies and that slight cli-
matic fluctuations occurred during the prehistoric
period (Tang et al. 1991). However, the relationships
among climate change, cultural exchanges and agricul-
ture at the site are ignored.

Indeed, the particle distributions at archaeological
sites are governed by both natural deposits and inputs
from human activities (Wallis 2001). Many significant
advances in reconstructing regional climatic changes
and human activities from archaeological sediment

successionshavedemonstrated that it is crucial to extract
and interpret the main influences of human activity and
environmental change separately. Therefore, archaeo-
logical sediment successions are considered one of the
best archives that can provide information on the rela-
tionships among climate and human activities, although
some controversies still exist regarding the reconstruc-
tion of palaeoenvironments (Huang & Zhang 2000; Li
et al. 2008, 2010; Xiao et al. 2011; Qiu et al. 2014). In this
study, multiple indicators, including analyses of phyto-
liths, pollen, chemical elements and microcharcoal, are
investigated to describe human activities and regional
climatic changes and to explore their relationships at
theWanbei site. This study provides awindow into abet-
ter understanding of adaptation strategies in response to
climatic changes during the Holocene.

Material and methods

Stratigraphy and sampling

Wanbei site lies on an elevated plateau to the NW of
Gushuoxiang Lake. This area is typically dominated
by theEastAsianmonsoon,with an average annual tem-
perature of 13.8°C and an average annual precipitation
of 937.5 mm (Ge et al. 2008). The vegetation in theWan-
bei region consists of warm temperate deciduous
broad-leaved forests dominated by Quercus variabilis,
Quercus acutissima, Pinus densiflora and others. A test
trench (T1) with surface dimensions 10 × 10 m, located
to the SE of the Wanbei site, was excavated in 2015.

Fig. 1. A.Map showing the location of theWanbei site and other sites mentioned in the article. 1, Qugou site; 2, Bianbiandong site; 3, Shunshanji
site; 4, Hanjing site; 5, Xuenan site; 6, Shuangdun site; 7, Yuhuicun site; 8, Houjiazhai site; 9, Houtieying site; 10, Gongzhuang site; 11, Longqiuz-
huangsite; 12, Dongpansite; 13, Huating site; 14, Qingliangangsite; 15, Qingfengprofile; 16, Zhouzhuangprofile; 17, Chaohu lakecore; 18, Guxv
lakecore; 19, Xiangchengprofile; 20, Huangkoucore.B.Theredcircle indicates the scopeof theWanbei siteand thereddot indicates the locationof
trail trench (T1). C. The sampled profile in the south wall of trail trench (T1) with stratigraphy and calibrated AMS 14C ages at the Wanbei site.
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The south wall of T1, with a depth of 225 cm, is divided
into nine lithological layers, ranging from layer 10 to
layer 18 from top to bottom, according to the stratigra-
phy, soil colour and archaeological remains (Fig. 1;
Table 1). A total of five chronological data points have
been reportedpreviously for theprofile at theWanbei site
(Tian et al. 2023), indicating that the ages of the sediment
samples range from�5700 to�5300 a BP (Table 2). On
the basis of the linear relationship between date and
depth, approximate age ranges were calculated for each
layer. A total of 30 soil samples were taken successively
from this profile at intervals of approximately 5 cm
and were sampled for phytolith, pollen, microcharcoal
and chemical element analyses in this study.

Analyses

Phytolith analysis. – In total, 30 samples were selected
for phytolith analyses. Phytoliths were extracted from
the soil samples according to the procedures outlined
by Piperno (2014) andLuo et al. (2019). Firstly, each soil
sample (�5 g) was placed in a 500 mL beaker, and
500 mL of 5% SHMP (sodium hexametaphosphate)
solution was added and stirred for deflocculation. Sec-
ondly, the samples were treated with 30% hydrogen per-
oxide (H2O2) and cold 10% hydrochloric acid (HCl) to
remove organic matter and carbonates, and a Lycopo-
dium spore tablet (10 315 grains per tablet) was then
added to each sample. Thirdly, the phytoliths were sepa-
rated using zinc bromide (ZnBr2, density 2.35 g cm

�3) as

a heavy liquid and then rinsedwith 95% ethanol until the
supernatants were clear. The phytolith residues were
mounted in silicon oil and scanned under a Leica DM
4500P microscope at 400–630× magnification. Nearly
500 phytoliths were counted in each sample, fast scan-
ning of the slide was then conducted to identify themain
phytolith morphotypes of the cereal crops and lycopo-
dium sporeswere added to calculate their concentrations.
The identification and classification of phytoliths were
aided by published references and criteria (Wang &
Lu 1993; Lu et al. 2009; Ball et al. 2016; Zhang
et al. 2018), and their designations were issued in accor-
dancewith the InternationalCode forPhytolithNomen-
clature 2.0 (ICPN 2.0) (International Committee for
Phytolith Taxonomy 2019).

Pollen andmicrocharcoal analysis. – In total, 30 samples
were selected for pollen andmicrocharcoal analyses. Pol-
lenandmicrocharcoal extractionswereconductedon the
soil samples based on the procedure describedby (Faegri
et al. 1989) with slight modifications, and a Lycopodium
spore tablet was added to each sample as a tracer. In
brief, each soil sample (�40 g) was placed into four 50
mL centrifuge tubes, and the preparation procedures
then involved the removal of carbonates using 18%
HCl and siliceous materials using 45% hydrofluoric acid
(HF). The pollen and microcharcoal were concentrated
by heavy-liquid flotation with ZnBr2 (density of
2.0 g cm�3) to separate them from the undigested min-
erals. The pollen and microcharcoal samples were

Table 1. Description of the stratigraphy, south wall of trail trench (T1) at the Wanbei site.

Layer Depth (cm) below
ground surface

Lithology Sedimentary faces

10 0–40 Grey clay containing sand and gravel, red-fired particles and charcoal fragments Cultural layer
11 40–90 Brown clay containing charcoal fragments Cultural layer
12 90–120 Black soil containing shells and animal bones Cultural layer
13 120–150 Black soil containing pottery artefacts Cultural layer
14 150–160 Grey clay containing bone remains and charcoal fragments Cultural layer
15 160–170 Black clay containing coarse sand, charcoal fragments, bones and pottery Cultural layer
16 170–200 Grey clay containing charcoal fragments Cultural layer
17 200–210 Grey clay containing charcoal fragments Cultural layer
18 210–225 Grey clay Natural layer

Table 2. AMS 14C dating obtained from the T1 profile at the Wanbei site (Tian et al. 2023).

Layer Laboratory code Dated material 14C age (a BP) Calibrated age (2σ) (cal. BC) Median calibrated
age (cal. a BP)

10 28444 Charred Trapa 4680�30 3526–3369 (95.4%) 5476–5319
11 28445 Charred Trapa 4420�30 3322–3237 (14.9%) 5056–4871

3177–3160 (1.8%)
3106–2921 (78.7%)

14 28446 Charred Trapa 4960�30 3795–3649 (95.4%) 5745–5599
15 25028 Charcoal 4890�30 3763–3737 (3.8%) 5664–5582

3714–3632 (91.7%)
18 25029 Charcoal 4960�30 3795–3649 (95.4%) 5745–5599

BOREAS Human adaptations to climatic change in the Middle Holocene at Wanbei, China 3
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counted via a Leica DM4500P optical microscope. Pol-
len identification was aided by an illustrated guide to
modern pollen and spores (Wang et al. 1996; Song
et al. 1999). Moreover, Poaceae pollen grains were
divided into two categories on the basis of diameter
and size (long axis): ≥38 and <38 μm. Then, fast scan-
ning was also conducted to detect the coarse microchar-
coal (≥50 μm), and lycopodium spores were added to
calculate their concentrations in each sample.

Chemical elements analysis. – Atotal of 15 sampleswere
selected for elemental determinations of the ALS min-
erals through spaced sampling. After the samples were
air dried, 2 g of each sample was placed in an agate mor-
tar and ground to a size finer than 200 mesh. Perchloric
acid (HClO4), nitric acid (HNO3),HFandHClwere sep-
arately used fordigestion, anddilutedHClwas thenused
to determine the volume. Finally, inductively coupled
plasma emission spectroscopy was used for the analyses.

Results

All AMS 14C dating results in this study fell within the
range of 5740–5319 calibrated years BP (68.3%),
although the dates from layers 11 and 14 exhibit minor
deviations potentially attributable to post-depositional
disturbances. Integrating these radiocarbon dates with
the stratigraphic succession of the Wanbei site, the
selected cultural layers 18–11 correspond to the early
Dawenkou culture period, while cultural layer 10 repre-
sents the middle Dawenkou culture period. By integrat-
ing the relative chronological successionof artefact types
with the absolute dating results, we established a reliable
chronological framework for the Wanbei site profile.
Furthermore, the stratigraphic profile has been divided
into fivedistinct zonesbasedon fluctuations inmicrofos-
sil assemblages. These zones have been corroborated
by the CONISS results in TG View 2.0 software
(Grimm 1987). Zone I includes layer 17 and layer 16;
Zone II includes layer 15 and layer 14; Zone III includes
layer 13 and layer 12; Zone IV includes layer 11; and
Zone V includes layer 10.

Phytolith analysis results

More than 20 well-preserved phytolith typeswere recov-
ered from most samples at the site. The identified crop
phytoliths include BULLIFORM and BILOBATE with
scooped ends parallel arrangement from Oryza sativa,
DOUBLE PEAKED from rice husks, η-type from inflores-
cence bracts of Panicum miliaceum, Ω-type from
inflorescence bracts of Setaria italic. The other phyto-
liths consist of CUNEIFORM BULLIFORM, BILOBATE,
BLOCKY, RECTANGLE, SMOOTH-ELONGATE,
ELONGATE-ECHINATE, siliceous vessel, SHORT SADDLE,
LONG SADDLE, WAVY TRAPEZOID, ACICULAR, RONDEL,
β-type from husks of barnyard grass (Echinochloa spp.)

and POLYHEDRONS with conical projection. SCUTIFORM

BULLIFORM was from reeds (Phragmites spp.) and other
microfossil remains (e.g. sponge spicules, diatoms and
charcoal) (Fig. 2).

According to the classification of Wang & Lu (1993),
warm-type grasses can produce CUNEIFORM BULLIFORM,
BILOBATE and SHORT SADDLE, whereas cold-type grasses
mainly produce RONDEL, WAVY TRAPEZOID, SMOOTH-
ELONGATE, ELONGATE-ECHINATE and ACICULAR. The Iw
is a ratio of the number of warm types (including BULLI-

FORM, SADDLE, BILOBATE) to the total number of warm
and cold type (including RONDEL, WAVY TRAPEZOID,
SMOOTH-ELONGATE,ELONGATE-ECHINATEandACICULAR)
phytoliths, with higher values corresponding to warmer
temperatures (Wang et al. 2003):

Iw=
warm type

warm typeþ cold type
(1)

Zone I (225–175 cm) is dominated by warm-type phy-
toliths, which includemainly BILOBATE (9.29%),RECTAN-

GLE (5.93%), SHORT SADDLE (5.80%), CUNEIFORM

BULLIFORM (5.29%) and BLOCKY (1.33%). RONDEL

(9.47%), ELONGATE-ECHINATE (6.23%), SMOOTH-
ELONGATE (4.79%) andWAVYTRAPEZOID (4.63%) occupy
relatively lower proportions. The mean value of Iw is
0.60, ranging from 0.46 to 0.68. In total, 2427 phytoliths
are counted from the samples, of which a total of 247
DOUBLE PEAKED from rice husks (for a ubiquity of
100%), 157 BULLIFORM from O. sativa (for a ubiquity
of 100%), 21 BILOBATE with scooped-end parallel
arrangements (for a ubiquity of 100%) and eight η-type
from inflorescence bracts ofP. miliaceum (for a ubiquity
of 60%) are recovered. The estimated average concentra-
tions of these phytoliths are 10 875.52, 6773.70, 865.19
and 350 grains g�1, respectively (Fig. 3). The statistics
for these crop seed phytoliths show that rice and broom-
corn millet constitute 96.86% and 3.14% of the total
crops, respectively (Fig. 4).

Zone II (175–150 cm) features a predominance of
warm types.TheBILOBATE,RECTANGLE,CUNEIFORMBUL-

LIFORM, BLOCKY and SHORT SADDLE account for 10.79,
5.14, 2.33, 2.90 and 2.14%, respectively, whereas
SMOOTH-ELONGATE, RONDEL, ELONGATE-ECHINATE

and WAVY TRAPEZOID account for 9.12, 6.15, 6.36 and
2.42%, respectively.Themeanvalueof Iw is 0.53, ranging
from0.46 to 0.61.A total of 2606 phytoliths are counted,
ofwhich 480DOUBLEPEAKED fromrice husks (for aubiq-
uity of 100%), 109 BULLFORM from O. sativa (for a
ubiquity of 100%), 18 BILOBATE with scooped-end paral-
lel arrangements (for a ubiquity of 100%), 1Ω-type from
inflorescence bracts of S. italic (for a ubiquity of 20%)
and 80 η-type from inflorescence bracts of P. miliaceum
(for a ubiquity of 100%) are recovered. The estimated
average concentrations of these phytoliths were
15 399.35, 3219.57, 610.68, 45.84 and 2641.30
grains g�1, respectively (Fig. 3). The statistics for

4 Weixin Tian et al. BOREAS
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these crop seed phytoliths show that rice, foxtail mil-
let and broomcorn millet constitute 85.56, 1.78 and
14.26% of the total crops, respectively (Fig. 4).

Zone III (150–90 cm) is characterized by a slight
increase in cold types. Elongate long cells (9.94%), elon-
gate echinate cells (5.46%), rondle short cells (7.31%)and
WAVY TRAPEZOID (2.67%) account for 25.38%, and BILO-

BATE (12.09%),CUNEIFORMBULLIFORM (2.08%),RECTAN-

GLE (4.89%),BLOCKY (2.86%) andSHORTSADDLE (2.58%)
account for 24.5%. Themeanvalue of Iw is 0.49, ranging
from 0.39 to 0.56. A total of 5392 phytoliths are counted
in this zone, where 637 DOUBLE PEAKED from rice husks

(for a ubiquityof 100.00%), 82BULLIFORM fromO. sativa
(for a ubiquity of 100.00%), 48 BILOBATE with
scooped-end parallel arrangements (for a ubiquity of
88.89%), twoΩ-type from inflorescencebracts ofS. italic
(for a ubiquity of 22.23%) and 115 η-type from inflores-
cence bracts of P. miliaceum (for a ubiquity of 100%) are
recovered.Theestimatedaverageconcentrationsof these
phytoliths are 9489.47, 1720.07, 568.36, 25.92 and
2076.59 grains g�1, respectively (Fig. 3). The statistics
for these cropseedphytoliths showthat rice, foxtailmillet
and broomcornmillet constitute 84.48, 2.65 and 15.25%
of the total crops, respectively (Fig. 4).

Fig. 2. Main phytolithsmorphotypes and other microfossils found at theWanbei site. A–C. BULLIFORM fromOryza sativa. D, E. DOUBLE PEAKED

from Oryza sativa. F. BILOBATE with scooped ends paralleled arrangement from Oryza sativa. G–I. η-Type from inflorescence bracts of Panicum
miliaceum. J.Ω-type fromhusks ofSetaria italica. K.RECTANGLE. L. SHORT SADDLE.M. LONG SADDLE.N, O. BILOBATE. P, Q. ELONGATE-ECHINATE.
R, S. RONDEL. T. SMOOTH-ELONGATE. U. WAVY TRAPEZOID. V, W. ACICULAR. X. vascular tissues. Y. Diatom. Scale bar: 20 μm.

BOREAS Human adaptations to climatic change in the Middle Holocene at Wanbei, China 5
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Fig. 3. Phytolith percentage diagram with selected morphotypes for the sampled T1 at the Wanbei site (modified after Tian et al. 2023). Litho-
logical details are provided in Table 1.

Fig. 4. The proportions of crop seeds phytoliths over time at the Wanbei site.

6 Weixin Tian et al. BOREAS
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Zone IV (90–40 cm) indicates the flourishing of warm
types. BILOBATE, CUNEIFORM BULLIFORM, RECTANGLE,
BLOCKY and SHORT SADDLE account for 7.37, 5.54,
4.62, 2.92 and 1.82%, respectively. Themain type of cold
phytolith accounts for only 17.02% of the total. The
mean value of Iw is 0.59, ranging from 0.46 to 0.67. In
total, 5519 phytolithswere counted in this zone, in which
atotal of 990DOUBLEPEAKED fromricehusks (for aubiq-
uity of 100.00%), 311 BULLIFORM from O. sativa (for a
ubiquity of 100.00%), 11 BILOBATE with scooped-end
parallel arrangements (for a ubiquity of 100%), fiveΩ-
type from inflorescence bracts of S. italic (for a ubiquity
of 22.23%) and 57 η-type from inflorescence bracts of P.
miliaceum (for aubiquityof 77.78%)were recovered.The
estimated average concentrations of these phytoliths
were 13 065.77, 3532.40, 143.33, 50.27 and 762.84
grains g�1, respectively (Fig. 3). The statistics for these
crop seed phytoliths show that rice, foxtail millet and
broomcorn millet represented 94.11, 0.48 and 5.41% of
the total crops, respectively (Fig. 4).

Zone V (40–0 cm) is conspicuously marked by
warm-growing types. The Iw values range from 0.65 to
0.76,andthemeanvalueof Iw is0.71.Atotalof1229phy-
toliths were counted in this zone, of which 179 DOUBLE

PEAKEDfromricehusks (foraubiquityof100%),231BUL-

LIFORM fromO. sativa (for a ubiquityof 100%), twoBILO-

BATE with scooped-end paralleled arrangements (for a
ubiquityof100%),threeΩ-typefrominflorescencebracts
of S. italic (for a ubiquity of 100%) and four η-type from
inflorescence bracts of P. miliaceum (for a ubiquity of
100%)were recovered.The estimated average concentra-
tions of these phytoliths were 2914.71, 3945.35, 34.99,
56.04 and 77.09 grains g�1, respectively (Fig. 3). The sta-
tistics for these cropseedphytoliths showthat rice, foxtail
millet and broomcornmillet represented 96.24, 1.61 and
2.15% of the total crops, respectively (Fig. 4).

Pollen and spore, and microcharcoal analysis results

A total of 39 pollen and spore types were identified,
including 18 tree and shrub pollen types, 17 herbaceous
pollen types and four fern spore types. The common
types of tree and shrub pollen aremainly fromFagaceae,
Pinus, evergreenQuercus, Betulaceae,Carpinus, Juglans,
Ulmus and Moraceae. The herbaceous pollen types are
characterized by Poaceae, Artemisia, Chenopodiaceae,
Cruciferae, Labiatae, Caryophyllaceae and Gentiana-
ceae, and hygrophyte pollen consists of Cyperaceae
andTyphaceae (Fig. 5).Thecommonspore types include
Concentricystes and Ceratopteris. However, extremely
low contents of pollen grains are observed in most sam-
ples at Wanbei. The data for the samples from the same
layers are, therefore, combined with the statistics in this
study.

Previous studies have revealed that the pollen particles
of Poaceae crops generally become larger (≥38 μm) than
those of wild Poaceae plants; therefore, they are often

considered a symbol of agricultural activity, with their
concentrations reaching a certain value (such as
>15–20%) or higher (Li et al. 2012; Wang et al. 2017).
Additionally, the microcharcoal concentrations from
natural and archaeological sediments have been shown
to vary in association with the strength of natural fires
and human activities, respectively (MacDonald et al.
1991; Li et al. 2008; Shu et al. 2010). Hence, the changes
in the proportions of Poaceae pollen ≥38 μm in size and
the concentrations of coarse-grained microcharcoal,
which are mainly found in their original positions, are
adopted to reflect the development of agricultural activ-
ities and the intensityofhumanactivitieswithin theWan-
bei archaeological site in this paper, respectively.

In Zone I, the pollen assemblages are predominantly
characterized by herbaceous pollen, specifically Poaceae
pollen, with relative abundances ranging from 30.36 to
41.92%. This is followed by Chenopodiaceae pollen,
which accounts for 0.87–8.03% of the pollen. Arboreal
pollen includes Pinus (3.93–8.93%), Fagaceae
(3.06–3.57%), evergreen Quercus (1.31–1.78%) and
Betulaceae (2.68%). Hygrophyte pollen is composed
mainly of Typha (8.30–10.71%). Fern spores, particu-
larlyCeratopteris spores, constitute a significant propor-
tion, with relative abundances between 12.22 and
21.43%. The average total sum for herbaceous pollen is
55.12%, that of arboreal pollen is 15.47%, and that of
fern spores is 28.75% (Fig. 6). Theproportionof Poaceae
pollen with a size≥38 μm represents 33–44% of the total
Poaceae pollen (Fig. 7). The mean concentration of
coarse-grained microcharcoal is 14 533.83 grains g�1

(Fig. 7).
In Zone II, there was an increase in the percentage of

herbaceous pollen, particularly Poaceae pollen, with rel-
ative abundances between 49.09 and 51.28%, and Che-
nopodiaceae pollen, which ranged from 5.98 to
12.12%. In contrast,Pinus pollen dramatically decreases
to 0–5.8%, and arboreal pollen from evergreen Quercus
and Ulmus nearly vanishes. Hygrophyte pollen, such as
Typha (3.03–5.12%) and Cyperaceae (1.12–1.71%),
as well as algae spores, such as Ceratopteris
(3.42–4.84%), sharply decreased compared with Zone
I. The average total sum of herbaceous pollen was
69.33%, that of arboreal pollen was 14.5%, and that of
fern spores was 14.7% (Fig. 6). The proportions of her-
baceous pollen increased, whereas the proportions of
fern spores decreased notably. The proportions of Poa-
ceae pollen with a size ≥38 μm account for
52.17–63.8% of the total Poaceae pollen (Fig. 7). The
mean concentration of coarse-grained microcharcoal is
14 513.2 grains g�1 (Fig. 7).

InZone III, the pollen assemblages are still dominated
by Poaceae pollen, with relative abundances between
50.00 and 54.23%. Arboreal pollen is characterized
primarily by Fagaceae (5.08%) and Salix (3.33%).
Hygrophyte pollen consists mainly of Cyperaceae
(3.33–4.23%) andTypha (3.33–6.80%). The average total

BOREAS Human adaptations to climatic change in the Middle Holocene at Wanbei, China 7
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sum of herbaceous pollen is 77.3%, that of arboreal pol-
len is 7.1%, and that of fern spores is 15.6% (Fig. 6). The
proportions of Poaceae pollen with a size ≥38 μm

account for 63.8–64.7% of the total Poaceae pollen
(Fig. 7). The mean concentration of coarse-grained
microcharcoal increases to 20 483.87 grains g�1 (Fig. 7).

Fig. 6. Pollen percentage diagram and the microcharcoal concentrations for the sampled T1 at Wanbei site. Lithological details are provided in
Table 1.

Fig. 5. Main pollen morphotypes found at theWanbei site. A. Castanopsis. B. Carpinus. C. Chenpodiaceae. D. Compositae. E. Cyclobalanopsis.
F. Umbelliferae. G. Juglandaceae. H. Poaceae. I. Myriophyllum. J. Typha. K. Labiatae. L. Polygonaceae. M. Artemisia. N. Zygnemataceae.
O. Lycopodiaceae. P. Myrtaceae. Q. Caryophyllaceae. R. Quercus. S. Ceratopteris. T. Cyperaceae. U. Celtis. V. pinus. Scale bar: 20 μm.
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InZone IV, Poaceae pollen still occupies an important
part of the assemblage, with a relative abundance of
24.27%. Arboreal pollen is characterized mainly by
Fagaceae (4.27%). Hygrophyte pollen consists mainly
of Cyperaceae (8.74%) andTypha (13.11%). The average
total sumof herbaceous pollen is 58.7%, that of arboreal
pollen is 12.6%, and that of fern spores is 26.2% (Fig. 6).
The proportion of Poaceae pollen with a size ≥38 μm
accounts for 45% of the total Poaceae pollen (Fig. 7).
The mean concentration of coarse-grained microchar-
coal is 18 595.65 grains g�1 (Fig. 7).

In Zone V, the pollen assemblages are still dominated
by Poaceae pollen, with a relative abundance of 43.65%.
Arboreal pollen is characterized primarily by Pinus
(6.35%) and Fagaceae (5.56%). The average total sum
of herbaceous pollen is 64.3%, that of arboreal pollen
is 15.1% and that of fern spores is 20.63% (Fig. 6). The
proportion of Poaceae pollen with a size ≥38 μm
accounts for 58% of the total Poaceae pollen (Fig. 7).
The mean concentration of coarse-grained microchar-
coal is 19 289.05 grains g�1 (Fig. 7).

Chemical element analysis results

A total of 60 ultratrace and rare earth elements were
detectedwithin the soil samples collected from theWan-
bei site. Previous studies have indicated that the varia-

tions in aluminium (Al), iron (Fe), lithium (Li) and
scandium (Sc) in cultural layers are particularly respon-
sive to the chemical weathering processes that are
affected mainly by climate change and hence are good
indicators of the Asian summer monsoon (Ma et al.
2006;Li et al. 2008).Alternatively, thevariations inphos-
phorus (P), zinc (Zn), manganese (Mn), calcium (Ca)
and magnesium (Mg) in the cultural layers are signifi-
cantly correlatedwith the compositions of human settle-
ments, animal remains and domestic waste (Li
et al. 2008;Wilson et al. 2008). Therefore, these variables
are biogeochemical markers reflecting the intensity and
fluctuations of human activities over time.

InZone I, themean concentrationsofAl,Li,FeandSc
are 4.77 × 104, 22.5, 2.12 × 104 and 6.7 μg g�1, respec-
tively.Within the range of depths examined, the elemen-
tal concentrations remained relatively stable, with a
slight decrease observed with increasing depth, as
depicted in Fig. 8 The mean concentrations of P, Zn,
Mn, Ca and Mg were 0.645 × 104, 55.7, 811, 3.64 × 104

and 0.46 × 104 μg g�1, respectively. Their concentrations
reach maximum values at a depth of 225 cm and then
sharply decrease at a depth of 200 cm (Fig. 7).

In Zone II, the mean concentrations of Al, Li, Fe and
Sc slightly decrease comparedwith those in Zone I, with
the Al, Li, Fe and Sc concentrations of 4.34 × 104, 19.7,
1.83 × 104 and 5.9 μg g�1, respectively (Fig. 8). However,

Fig. 7. Correlation of proxy records of human activities for the sampled T1 at Wanbei site. Lithological details are provided in Table 1.

BOREAS Human adaptations to climatic change in the Middle Holocene at Wanbei, China 9
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the P, Zn,Mn, Ca andMg distributions in this zone tend
to increase compared with those in Zone I. The mean
concentrations are 0.954 × 104, 113, 929, 4.22 × 104

and 0.435 × 104 μg g�1, respectively, with the highest
values occurring at a depth of 175 cm (Fig. 7).

In Zone III, themean concentrations ofAl, Li, Fe and
Sc continue to decrease. The average concentrations
decrease to 3.34 × 104, 14.5, 1.19 × 104 and 4.5 μg g�1,
respectively (Fig. 8). The P (0.91 × 104 μg g�1), Zn
(116 μg g�1) and Mg (0.41 × 104 μg g�1) concentrations
are basically equal to those in the previous zone,
although the Mn and Ca concentrations decrease to
510 and 2.95 × 104 μg g�1, respectively (Fig. 7).

Comparedwith those inZone III, theAl, Li, Fe andSc
contents in Zone IV tend to reverse. The mean values
increase, reaching values of 4.51 × 104, 18, 1.52 × 104

and 6.3 μg g�1, respectively, with peak values for Al, Fe
and Sc found at 75 cm depth (Fig. 8). In contrast, the
mean P, Zn, Mn, Ca and Mg concentrations decrease
by 0.704 × 104, 72, 436, 2.18 × 104 and 0.36 × 104 μg g�1,
respectively,with the lowestpeakvaluesofP,Zn,Mnand
Ca occurring at 75 cm depth (Fig. 7).

In Zone V, the mean concentrations of Al (4.33 × 104

μg g�1), Li (17.4 μg g�1), Fe (1.42 × 104 μg g�1) and Sc
(5.7 μg g�1) slightly decrease again (Fig. 8), whereas
the P, Zn, Mn, Ca and Mg concentrations increased to

more than 1.0 × 104, 79.5, 540, 3.27 × 104 and
0.37 × 104 μg g�1, respectively (Fig. 7).

Discussion

Most phytoliths from archaeological soil are derived
from local plants. Hence, phytolith assemblages, e.g.
Iw, from archaeological sediments can provide a more
accurate assessment as to how the environment responds
to climatic changes over time (Wallis 2001;Li et al. 2010).
As shown in Fig. 6, the Iw values fluctuated at low levels
between 5700 and 5300 a BP, which are consistent with
the phytolith assemblage zones. The dominance ofwarm
types in the Zone I phytolith assemblage suggests a
warm climate during the 5700 a BP period. The average
Iw values then decrease to 0.53 and 0.49, showing a cool-
ing trend during the periods of 5600 and 5400 a BP,
respectively. This overall trend towards cool conditions
is supported by evidence of decreases in the mean values
ofAl, Li, Fe and Sc, which are related to chemicalweath-
ering processes (Fig. 8). In addition, the pollen assem-
blages in Zones II and III also show increases in
herbaceous pollen butmarked decreases in arboreal pol-
len and fern spores, indicating a cooling trend and a
reduction in the area of water bodies in the region. After
that, both the Iw values and Al, Li, Fe and Sc contents

Fig. 8. Correlation of climatic proxy records of the samples T1 at Wanbei site. Lithological details are provided in Table 1.
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increase, indicating that the climate became warm and
humid again at Wanbei (Figs 3, 8). Multiple climate
records assembled from the Huai River Basin and the
surrounding region show that climatic conditions
becamewarmandhumidoverall,with some fluctuations
(Tang et al. 1993; Shu et al. 2009, 2012; Dong et al. 2013;
Qin et al. 2015; Li et al. 2016; Qiu et al. 2020) after the
onset of the Holocene optimum in the Huai River Basin
(Jiang et al. 2018). Additionally, such a cooling event
during the periods between 5600 and 5400 a BPwas also
recorded by several indicators derived from an archaeo-
logical soil succession at the Longqiuzhuang site (Zhu
et al. 2000) and the natural drill cores in the nearbyTaihu
region (Yu et al. 2003;Qiu et al. 2020). These results con-
firm that the phytolith assemblages and chemical ele-
ment variability in the archaeological sediment
successions from the Wanbei site are indeed indicators
of the response to local climatic conditions between
5700 and 5300 a BP.

The phytolith results at the Wanbei site indicate that
rice was always the principal crop during the period of
the Dawenkou culture (Figs 4, 8). In contrast, the con-
temporary Dawenkou cultural sites, e.g. the Dongpan
and Beiqian sites on the side of the Mount Tai-Yi area,
were characterized by millet-based farming strategies
andhadrelativelydryenvironments (Jin et al. 2016).Rice
is a typical thermophilic and hygrophilous plant that
favours a warm and humid climate (Li 1983). Previous
studies confirmed that the occurrence of rice cultivation
was consistent with the initiation of the Holocene opti-
mum in the Huai River Basin (Jiang et al. 2018). It is,
therefore, believed that favourable water and thermal
conditions facilitated rice agricultural activities at Wan-
bei between 5700 and 5300 a BP, while the emergence of
millets is suggested to have resulted from the Dawenkou
cultural exchange and from communication between the
Haidai region in the north and the Huai River Valley
(Cheng 2020; Tian et al. 2023).

Notably, however, the broomcorn millet percentages
increased sharply from 3.14 to 14.26% and then reached
15.25%, whereas the rice proportions decreased from
96.86%to85.56and84.48% inZones I, II and III, respec-
tively (Fig. 4). Moreover, the remains of foxtail millet
appeared first in Zone II and then increased to 2.56%
of the crop proportion in Zone III. After the cooling
events during the periods of 5600 and 5400 aBP, the pro-
portions of rice increased again, reaching 94.11 and
96.24%, respectively, whereas the proportions of foxtail
millet and broomcorn millet were only 0.48 and 1.61%
and 5.41 and 2.15%, respectively (Figs 4, 8). Both foxtail
millet and broomcorn millet have strong cold and
drought tolerances (Feng 2012). The adjustment of
agricultural structures in response to climate change
is a significant adaptation strategy to ensure agricultural
sustainability and food safety. Hence, we believe that the
significant increase in the proportion of millets was an
adaptation strategy in response to the cooling event that

occurred between 5600 and 5400 a BP at Wanbei.
Archaeobotanical research also revealed that the status
of rice cultivation declined in the Haidai region during
the late Shang and early Zhou periods, with the rapid
weakening of the East Asian summer monsoon at
approximately 3000 a BP, although rice was one of the
main crops cultivated during the Yueshi and Shang
periods (Gong et al. 2019).

The distribution of a high proportion of Poaceae pol-
len with sizes ≥38 μm is directly related to agricultural
activities (Wang et al. 2017). The data from Fig. 7 reveal
a significant increase in the proportions of Poaceae pol-
len with sizes ≥38 μm from 30–44% to 52.17–63.8% and
then to 63.8–64.7% fromZones I to II and III, suggesting
that agricultural activities increased between 5600 and
5400 a BP at Wanbei. The total concentrations of crop
phytoliths from Zones II and III were not lower or even
higher than those from the previous period, also indicat-
ing that agricultural activities would have strengthened
rather than weakened, although the rice concentrations
were somewhat lower in Zone III. Alternatively, as
shown in Fig. 7, the frequencies of the chemical elements
that are affected mainly by human activities, e.g. P, Zn
andMn, increase significantlyduring the cooling period,
when the concentration of coarse microcharcoal also
peaks, although its frequency increases less significantly.
The peak in the microcharcoal percentage, with high
concentrations of P, Zn and Mn, combined with the
results for the phytolith concentrations in cereal crops,
suggests a cooling period when there was considerable
exploitation of resources by early societies.

The cooling event, centered at 5.5 ka BP, corresponds
with the orbitally induced lowering of Northern Hemi-
sphere summer solar insolation (Wanget al. 2005),which
is widely recorded in East Asian monsoon regions, e.g.
stalagmite δ18O measurements at Lianhua Cave (Zhang
et al. 2013), Heshang Cave (Liu et al. 2020) and Sanbao
Cave (Zhao et al. 2010), and the pollen record at Daihai
Lake (Xiao et al. 2004), Qinghai Lake (Liu et al. 2002),
Guxu Lake (Qiu et al. 2020) and others (Li et al.
2018).Cereal cropsarevery sensitive tovariations in tem-
perature and precipitation. Nevertheless, numerous
studies indicate that agriculture at Yangshao cultural
sites in the Central Plains region (Wang et al. 2017; Yang
et al. 2024),Hongshancultural sites inNorthChina (Sun
&Zhao 2013; Sun 2014), Youziling cultural sites in Jian-
ghan plain (Yao et al. 2019; Yang et al. 2020), Dawenkou
cultural sites inHaidai region (Jin et al. 2016;Guo 2019)
and Longqiuzhuang site in the lower Huai River valley
(Tang et al. 1996) made significant progress during the
5.5 kaBPperiod.According toWu et al. (2018), the cool-
ing event would impact the living and food production
environmentand the regional resource carryingcapacity,
and then trigger the population resource imbalance both
in south andnorthChina.Ancient people had to use sus-
tainable agriculture practices, like manuring in
northChina (Yang et al. 2022), to achieve long-termpro-
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ductivity. Although no evidence of manuring practices
has been revealed at Wanbei, and other contemporary
sites in the middle and lower Huai River valley to date,
the significant increase innumbersof lateDawenkoucul-
tural sites here (Luan 2023; Wu et al. 2024) signifies the
growthofpopulationdensity,which shouldbe facilitated
by sustainable intensification in agriculture. It, therefore,
has been suggested that the cooling event did not have a
substantial negative impact on the development of agri-
culture in the aforementioned regions, in addition to the
Wanbei site but promoted the simultaneous appearance
of institutionalized socioeconomic inequalities in socie-
ties in multiple regions of China.

Conclusions

Thedata frommultiple indicators presented in this paper
indicate that the archaeological sediment successions
from the Wanbei site record both significant natural
and human-induced environmental changes. The cli-
matic conditions at the Wanbei site were predominantly
warmandhumid between 5700 and 5300 aBP,whereas a
cooling trend occurred during the period between 5600
and 5400 a BP. Rice has always been cultivated and
domesticated as the main cereal crop in mixed farming
owing to warm and humid conditions, although cooling
events have facilitated an increase in the percentage of
millets at Wanbei. Moreover, proxy records of human
activities show that agricultural activities and the exploi-
tation of resources by early societies were not weakened;
in contrast, they showedastrengthening trendduring the
cooling period. This study not only highlights
the dynamic nature of early agricultural societies and
their adaptation to climatic changes at Wanbei but also
enhances our understanding of human–climate interac-
tions in the middle and lower Huai River valley during
the Middle Holocene.

Acknowledgements. – This researchwas funded by theNational Social
Science Fund of China, grant number 22BKG044. We would like to
thank the three reviewers of this study for their insightful comments
and suggestions.

Author contributions. – WL and JZ conceived and designed the study.
LL andHGprovided the archaeological samples.WLandTS collected
the study samples;WTandWLwrote themanuscript;WTandWLana-
lysed thedata;WT,WL,HX,YS,CZandXWcarriedout the reviewand
editing; WL andWTrevised the paper; WL arranged funding acquisi-
tion. All authors have read and agreed to the published version of the
manuscript.

Data availability statement. – The original data presented in the study
are included in the article. Further inquiries can be directed to the cor-
responding authors.

References

Ball, T., Chandler-Ezell, K., Dickau, R., Duncan, N., Hart, T. C.,
Iriarte, J., Lentfer, C., Logan, A., Lu, H. & Madella, M. 2016: Phy-

toliths as a tool for investigations of agricultural origins and dis-
persals around the world. Journal of Archaeological Science 68,
32–45. https://doi.org/10.1016/j.jas.2015.08.010.

Burdanowitz,N.,Gaye,B.,Hilbig,L.,Lahajnar,N.,Lückge,A.,Rixen,
T. & Emeis, K.-C. 2019: Holocene monsoon and sea level-related
changes of sedimentation in the northeastern Arabian Sea. Deep
Sea Research Part II: Topical Studies in Oceanography 166, 6–18.
https://doi.org/10.1016/j.dsr2.2019.03.003.

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., Zhao, Z. J.,Wu, X.H. &
Jones,M.K.2015:Agriculture facilitatedpermanenthumanoccupa-
tion of the Tibetan plateau after 3600 BP. Science 347, 248–250.
https://doi.org/10.1126/science.1259172.

Cheng, Z. 2020: Primitive agriculture in Dawenkou culture period in
Huai River valley of Anhui Province. Agricultural Archaeology 1,
22–28 (in Chinese).

Cheng,Z., Yang,Y.,Gan,H., Lin, L.&Zhang, J. 2020:Analysis of car-
bonizedplant remains inWanbei site inShuyang, JiangsuProvince in
2015. Agricultural History of China 39, 33–42 (in Chinese).

Cruz, P.,Winkel, T., Ledru,M.-P., Bernard, C., Egan,N., Swingedouw,
D.&Joffre,R.2017:Rain-fedagriculture thriveddespite climatedeg-
radation in the pre-Hispanic arid Andes. Science Advances 3,
e1701740. https://doi.org/10.1126/sciadv.1701740.

Dearing, J. A., Battarbee, R., Dikau, R., Larocque, I. & Oldfield, F.
2006:Human–environment interactions: towards synthesis and sim-
ulation. Regional Environmental Change 6, 115–123. https://doi.
org/10.1007/s10113-005-0012-7.

Dong, G., Jia, X., An, C., Chen, F., Zhao, Y., Tao, S. &Ma, M. 2012:
Mid-Holocene climate change and its effect on prehistoric cultural
evolution in eastern Qinghai Province, China. Quaternary Research
77, 23–30. https://doi.org/10.1016/j.yqres.2011.10.004.

Dong,G., Jia,X.,Elston,R.,Chen,F.,Li, S.,Wang,L.,Cai,L.&An,C.
2013: Spatial and temporal variety of prehistoric human settlement
and its influencing factors in the upper Yellow River valley, Qinghai
Province, China. Journal of Archaeological Science 40, 2538–2546.
https://doi.org/10.1016/j.jas.2012.10.002.

Faegri, K., Kaland, P. E. & Krzywinski, K. 1989: Textbook of Pollen
Analysis. 328 pp. John Wiley and Sons, Chichester.

Feng, X. 2012: Study on the difference of drought tolerance and physio-
logicalandecological characteristicsof differentmillet varieties.M.Sc.
thesis, Shanxi Normal University, unpaginated (in Chinese).

Ge, H., Chen, S., Wang, L., Wang, Z., Zhang, J. & Ge, M. 2008: Inves-
tigation and reflection on the comprehensive development and utili-
zation of forest resources in Shuyang County. Protection Forest
Science and Technology 6, 36–38 (in Chinese).

Gong, W., Fang, H., Guo, J. & Chen, X. 2019: Influence of climate
change on rice agriculture in the late Shang dynasty – based on the
observation of Shang dynasty plant remains in Daxinzhuang and
Liujiazhuang sites in Jinan.QuaternarySciences 39, 170–182 (inChi-
nese).

Grimm, E. C. 1987: CONISS: a FORTRAN 77 program for stratigra-
phically constrained cluster analysis by the method of incremental
sum of squares. Computers & Geosciences 13, 13–35. https://doi.
org/10.1016/0098-3004(87)90022-7.

Guo, R. 2019: Archaeological study on prehistoric agriculture in Hai-
dai area. Ph.D. thesis, Shandong University, unpaginated (in Chi-
nese).

Hu,F.,Yang,Y.&Zhang, J. 2018:Environmental archaeologicalobser-
vation on the evolution of prehistoric human culture in the middle
Huai River valley. Southeast Culture 3, 46–53 (in Chinese).

Huang,F.&Zhang,M.2000: Pollen andphytolith evidence for rice cul-
tivation during the Neolithic at Longqiuzhuang, eastern Jianghuai,
China.VegetationHistoryandArchaeobotany9, 161–168.https://doi.
org/10.1007/BF01299800.

International Committee for Phytolith Taxonomy 2019: International
code for phytolith nomenclature (ICPN) 2.0. Annals of Botany 124,
189–199. https://doi.org/10.1093/aob/mcz064.

Jia, M., Li, C., Mao, X., Zhang, D., Wei, C. & Liu, H. 2021: Climate–-
human–environment interactions in the middle Yangtze Basin (cen-
tral China) during the middle Holocene, based on pollen and
geochemical records from the Sanfangwan site. Catena 204,
105357. https://doi.org/10.1016/j.catena.2021.105357.

12 Weixin Tian et al. BOREAS

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70010 by IN

A
SP - SU

D
A

N
, W

iley O
nline L

ibrary on [17/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jas.2015.08.010
https://doi.org/10.1016/j.dsr2.2019.03.003
https://doi.org/10.1126/science.1259172
https://doi.org/10.1126/sciadv.1701740
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1007/s10113-005-0012-7
https://doi.org/10.1016/j.yqres.2011.10.004
https://doi.org/10.1016/j.jas.2012.10.002
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1016/0098-3004(87)90022-7
https://doi.org/10.1007/BF01299800
https://doi.org/10.1007/BF01299800
https://doi.org/10.1093/aob/mcz064
https://doi.org/10.1016/j.catena.2021.105357


Jiang, S., Luo,W., Tu, L., Yu, Y., Fang, F., Liu, X., Zhan, T., Fang, L.,
Zhang, X. & Zhou, X. 2018: The Holocene optimum (HO) and the
response of human activity: a case study of the Huai River basin in
eastern China. Quaternary International 493, 31–38. https://doi.
org/10.1016/j.quaint.2018.08.011.

Jin, G., Wagner, M., Tarasov, P. E., Wang, F. & Liu, Y. 2016: Archae-
obotanical records of Middle and Late Neolithic agriculture from
ShandongProvince, EastChina, andamajor change in regional sub-
sistence during the Dawenkou culture.TheHolocene 26, 1605–1615.
https://doi.org/10.1177/0959683616641746.

Jin, Q.,Wang, P.,Wang, S., Li, Z. &Zhang,G. 1987: The lower limit of
the quaternary in the middle reaches of the Huai River plain in
Anhui.MarineGeology&QuaternaryGeology 2, 67–79 (inChinese).

Kajita, H., Kawahata, H., Wang, K., Zheng, H., Yang, S., Ohkouchi,
N.,Utsunomiya,M., Zhou,B.&Zheng,B. 2018:Extraordinary cold
episodes during themid-Holocene in theYangtze delta: interruption
of the earliest rice cultivating civilization. Quaternary Science
Reviews 201, 418–428. https://doi.org/10.1016/j.quascirev.2018.10.
035.

Kawahata, H. 2019: Climatic reconstruction at the Sannai-Maruyama
site betweenBond events 4 and 3—implication for the collapse of the
society at 4.2 ka event.Progress in Earth and Planetary Science 6, 1–
18. https://doi.org/10.1186/s40645-019-0308-8.

Li, Z. 1983: Effect of temperature on rice growth andyield.HubeiAgri-
cultural Sciences 12, 36–39 (in Chinese).

Li,M. 1991: Identification report on animal skeletons ofWanbei Neo-
lithic site in Shuyang, Jiangsu Province. Southeast Culture Z1, 183–
189 (in Chinese).

Li, R., Carter, J. A., Xie, S., Zou, S., Gu, Y., Zhu, J. & Xiong, B. 2010:
Phytoliths and microcharcoal at Jinluojia archeological site in mid-
dle reaches of Yangtze River indicative of paleoclimate and human
activity during the last 3000 years. Journal of Archaeological Science
37, 124–132. https://doi.org/10.1016/j.jas.2009.09.022.

Li, J., Dodson, J., Yan, H.,Wang,W., Innes, J. B., Zong, Y., Zhang, X.,
Xu, Q., Ni, J. & Lu, F. 2018: Quantitative Holocene climatic recon-
structions for the lower Yangtze region of China.Climate Dynamics
50, 1101–1113. https://doi.org/10.1007/s00382-017-3664-3.

Li, K., Gu, Y. & Liu, H. 2016: Holocene climate changes derived from
spore-pollen records and Neolithic culture succession in northern
Henan plain. Journal of Jilin University (Earth Science Edition)
46, 1449–1457 (in Chinese).

Li,C.,Zheng,Y.,Yu, S., Li,Y.&Shen,H. 2012:Understanding the eco-
logical background of rice agriculture on the Ningshao Plain during
the Neolithic Age: pollen evidence from a buried paddy field at the
Tianluoshan cultural site. Quaternary Science Reviews 35, 131–
138. https://doi.org/10.1016/j.quascirev.2012.01.007.

Li, Z., Zhu, C., Zhang, G., Ouyang, J. & Wang, R. 2008: Study on the
relationship between environmental changes recorded in Liaowa-
dian site in Hubei Province and human activities. Quaternary Sci-
ences 28, 1145–1159 (in Chinese).

Liu, X., Liu, J., Chen, S., Chen, J., Zhang, X., Yan, J. & Chen, F. 2020:
New insights on Chinese cave δ18O records and their paleoclimatic
significance. Earth-Science Reviews 207, 103216. https://doi.org/10.
1016/j.earscirev.2020.103216.

Liu, X., Shen, J., Wang, S., Yang, X., Tong, G. & Zhang, E. 2002: A
16000-year pollen record of Qinghai Lake and its paleo-climate
and paleoenvironment. Chinese Science Bulletin 47, 1931–1936.
https://doi.org/10.1360/02tb9421 (in Chinese).

Lu, H., Zhang, J., Wu, N., Liu, K., Xu, D. & Li, Q. 2009: Phytoliths
analysis for the discrimination of foxtail millet (Setaria italica) and
common millet (Panicum miliaceum). PLoS One 4, e4448.
https://doi.org/10.1371/journal.pone.0004448.

Luan, F. 2023: On adult male and female graves in Dawenkou culture
period. East Asia Archaeology 1, 15–27 (in Chinese).

Luo, W., Gu, C., Yang, Y., Zhang, D., Liang, Z., Li, J., Huang, C. &
Zhang, J. 2019: Phytoliths reveal the earliest interplay of rice and
broomcorn millet at the site of Shuangdun (ca. 7.3–6.8 ka BP) in
the middle Huai River valley, China. Journal of Archaeological Sci-
ence 102, 26–34. https://doi.org/10.1016/j.jas.2018.12.004.

Luo,W., Zhang, J., Yang, Y., Yin, C., Lin, L. &Gan,H. 2021: Analysis
of phytolith in Shunshanji site in Sihong, Jiangsu Province and its

environmental significance. Acta Micropalaeontologica Sinica 38, 3
(in Chinese).

Ma,C.M.,Zhu,C.,Zhu,G.,Wang, J.,Huang,R.&Gu,W. 2006: Study
on magnetic susceptibility and element geochemical Records of
Yuchisi Site inMengcheng, Anhui Province. Journal of Stratigraphy
30, 124–130 (in Chinese).

MacDonald, G. M., Larsen, C. P., Szeicz, J. M. & Moser, K. A. 1991:
Thereconstructionofboreal forest firehistory fromlake sediments: a
comparison of charcoal, pollen, sedimentological, and geochemical
indices. Quaternary Science Reviews 10, 53–71. https://doi.org/10.
1016/0277-3791(91)90030-X.

Murari, K. K., Jayaraman, T. & Swaminathan, M. 2018: Climate
changeandagricultural suicides in India.Proceedingsof theNational
Academy of Sciences of the United States of America 115, E115.
https://doi.org/10.1073/pnas.1714747115.

NanjingMuseum1992:Brief report onexcavationofNeolithic remains
at Wanbei site in Shuyang, Jiangsu Province. Southeast Culture 1,
124–133 (in Chinese).

Park, J., Yi, S., CheulKim, J., Lee, E.&Choi, J. 2019:AbruptHolocene
climate shifts in coastalEastAsia, including the8.2ka,4.2ka,and2.8
kaBP events, and societal responses on theKorean peninsula.Scien-
tific Reports 9, 10806. https://doi.org/10.1038/s41598-019-47264-8.
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