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A B S T R A C T

The Taihu Plain of the Lower Yangtze valley, China was a centre of rice agriculture during the Neolithic period.
Reasons for the rapid development of rice cultivation during this period, however, have not been fully under-
stood for this coastal lowland, which is highly sensitive to sea-level change. To improve understanding of the
geomorphological and hydrological context for evolution of prehistoric rice agriculture, two sediment cores
(DTX4 and DTX10) in the East Tiaoxi River Plain, south Taihu Plain, were collected, and analysed for radio-
carbon dating, diatoms, organic carbon and nitrogen stable isotopes (δ13C and δ15N), grain size and lithology.
These multiproxy analyses revealed that prior to ca. 7500 cal. yr BP, the East Tiaoxi River Plain was a rapidly
aggrading high-salinity estuary (the Palaeo-Taihu Estuary). After ca. 7500 cal. yr BP, low salinity conditions
prevailed as a result of strong Yangtze freshwater discharge. Subsequently, seawater penetration occurred and
saltmarsh developed between ca. 7000 and 6500 cal. yr BP due to accelerated relative sea-level rise. This
transgression event influenced a large area of the Taihu Plain during the Holocene, as shown by multiple se-
diment records from previous studies. Persistent freshwater marsh (or subaerial land) formed due to dramatic
shrinkage/closure of the Palaeo-Taihu Estuary after ca. 5600 cal. yr BP when sea level was relatively stable. We
speculate that geomorphological and hydrological changes of the East Tiaoxi River Plain played an important
role in agricultural development across the Taihu Plain during the Neolithic period. The closure of the Palaeo-
Taihu Estuary and the formation of stable freshwater marsh (or subaerial land) after ca. 5600 cal. yr BP were
critical preconditions encouraging the rapid rise of rice productivity in the Liangzhu period (5500–4500 cal. yr
BP). This development changed the landscape and river systems, and thus provided adequate freshwater supply
to the Taihu Plain.

1. Introduction

The lower Yangtze valley, East China is one of the centres where
intense rice growth started in the Neolithic period (Zong et al., 2007;
Liu and Chen, 2012). Many studies have been focused on the origin and
domestication of rice farming in this region during the Neolithic cul-
tural period (Zong et al., 2007; Mo et al., 2011; Liu and Chen, 2012).
The first evidence of collection and consumption of wild rice (ca.
9000–10,000 cal. yr BP) was found at Shangshan site, in Zhejiang Pro-
vince (Liu and Chen, 2012; Zuo et al., 2017). Evidence for rice culti-
vation also found at the Kuahuqiao site at ca. 7700 cal. yr BP (Zong
et al., 2007). Although marine inundation caused by sea-level rise
brought rice cultivation to an end at the Kuahuqiao site at ca.
7500 cal. yr BP (Zong et al., 2007), rice farming subsequently expanded
to the south of the Hangzhou Bay and in the Taihu Plain, north of

Hangzhou Bay (Chen et al., 2008; Zong et al., 2012a; Zheng et al.,
2012). Rice domestication started during the period of the Majiabang
culture (7000–5800 cal. yr BP), the first Neolithic culture that appeared
on the Taihu Plain, though this society still relied mostly on hunting,
fishing and gathering (Cao et al., 2006; Fuller et al., 2007; Mo et al.,
2011; Zong et al., 2012a; Xu, 2015). More rice cultivation was practiced
during the Songze period (5800–5500 cal. yr BP), but hunting, fishing
and gathering were still important at that time (Cao et al., 2006; Mo
et al., 2011). Subsequently, rice farming intensified and its yield in-
creased dramatically during the Liangzhu culture (5500–4500 cal. yr
BP) (Fan, 2011; Mo et al., 2011; Zhuang et al., 2014; Zhang et al.,
2015). For example, substantial quantities of carbonised rice were
found at several Liangzhu sites (Fan, 2011), one of which even reached
to tens of thousands of kilograms; numerous specialised fine stone tools
used for rice farming, such as ploughs and sickles, were also found (Mo
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et al., 2011). Relying on rapid advances in rice farming, the Liangzhu
culture developed into a sophisticated and complex society and was
considered as one of the most advanced Neolithic societies in the world
(Jiang and Liu, 2006; Zhu, 2006; Lawler, 2009; Mo et al., 2011; Zong
et al., 2012a; Zhuang et al., 2014).

Several studies suggested that a warm/humid climate promoted the
development of rice farming in the lower Yangzte delta (Yu et al., 2000;
Chen et al., 2005; Innes et al., 2009, 2014; Patalano et al., 2015), to-
gether with ancient people's successful water and landscape manage-
ment of rice paddies (Zong et al., 2007; Zhuang et al., 2014). Recently,
more attention has been paid to the role of the hydrological environ-
ment, which is the result of a complex of sea-level, climate and geo-
morphological conditions (Zong et al., 2007; Qin et al., 2011; Zheng
et al., 2012; Long et al., 2014; Patalano et al., 2015). For example, Zong
et al. (2007) found that freshwater low-land swamps at the Kuahuqiao
site were selected by Neolithic people for rice cultivation. Qin et al.
(2011) reported that rice-based agriculture occurred during two inter-
vals of lower salinity, between ca. 7850–7210 cal. yr BP and ca.
3000–2290 cal. yr BP. Although these studies of hydrological back-
ground based on individual cores provided insights into our under-
standing of the development of rice farming in the lower Yangtze
valley, new studies on key sites allowing an integrated analysis of
previous studies are still required to provide a more detailed environ-
mental context on a regional scale.

We focus here on the hydrological changes during the mid- to late-
Holocene in the East Tiaoxi River Plain, part of the southern Taihu Plain
(Fig. 1A and B). The East Tiaoxi River Plain is a critical part of the Taihu
plain, because it was a palaeo-incised valley during the Last Glacial
Maximum (LGM) and was occupied by the Palaeo-Taihu Estuary during
the early- to mid-Holocene (Fig. 1C; Hong, 1991). Through this estuary,
sea water could have reached the centre of the Taihu Plain, and
freshwater from the west uplands, which flows into the Taihu lake at
present, instead was discharged into Hangzhou Bay (Hong, 1991). Such
hydrologic conditions had restricted the freshwater resource for Neo-
lithic people in the Taihu Plain. Morphological and hydrological
changes within the East Tiaoxi River Plain from the Mid-Holocene are
therefore potentially critical to understanding the evolution of rice
farming in the Taihu Plain over the Neolithic period.

A complete understanding of the evolution of morphological and
hydrological environments of the East Tiaoxi River Plain during the
mid- to late-Holocene, however, has been hampered by a lack of high-
quality sediment archives with reliable dating allowing detailed sedi-
mentological analysis. To address this gap and fulfill the research aim
mentioned above, two sediment cores (DTX 4 and DTX10), spanning
the last 7100 and 7600 years respectively, were collected beside the
Luosheyang Lake and the Qianshanyang Lake in the East Tiaoxi River
Plain in 2014 (Fig. 1). Using these two cores, we studied the past
morphological and hydrological environments of the East Tiaoxi River
Plain over the last 7600 years, by using a multi-proxy approach in-
cluding lithology, grain size, diatom analysis and organic geochemistry
(including stable isotopes of carbon and nitrogen: δ13C, δ15N). Ad-
ditionally, we compared these new results with the hydrological en-
vironment inferred from other parts of the Taihu Plain from previously
studied cores (Itzstein-Davey et al., 2007; Atahan et al., 2008; Zong
et al., 2011, 2012b; Wang et al., 2012; Innes et al., 2014; Liu et al.,
2015). Based on these results, we discuss how changing morphological
and hydrological conditions in the East Tiaoxi River Plain influenced
the expansion of rice cultivation in the Taihu Plain over the Neolithic
period.

2. Study area and site description

During the LGM, the landscape of the Taihu Plain was characterised
by a series of river terraces (T1, T2 and T3) and incised valleys (Fig. 1C)
cutting through these terraces (Yan and Huang, 1987; Li et al., 2000,
2002; Wang et al., 2012). The terraces T1, T2 and T3 were regions

where the thickness of Holocene sediments were at 20–30m, 5–15m,
and < 5m, respectively (Yan and Huang, 1987; Li et al., 2000, 2002;
Wang et al., 2012). The largest two of these palaeo valleys were the
Yangtze valley in the north and the Qiantang valley in the south. The
Palaeo-Taihu valley lay along the western highlands, and freshwater
discharge from western mountains flowed through it southwards into
the Palaeo-Qiantang valley (Yan and Huang, 1987; Hong, 1991; Wang
et al., 2012). When sea level rose from −18m to −4m between ca.
8600 cal. yr BP and ca. 7300 cal. yr BP, the south part of the Palaeo-
Taihu valley became an estuary, allowing sea water from Hangzhou Bay
to reach the central Taihu Plain (Hong, 1991; Wang et al., 2012).

Present-day geomorphological and hydrological conditions of the
Taihu Plain, however, are dramatically different. Today, the Taihu
Plain is characterised by a saucer-like depression, in the centre of which
lies Taihu Lake (Fig. 1A), the third largest freshwater lake in China.
Taihu Lake receives freshwater inflows (e.g. the East and West Tiaoxi
Rivers; Fig. 1A) from the mountainous areas to the west of the Taihu
Plain and provides an important freshwater resource for the human
population in the Taihu Plain.

The East Tiaoxi River Plain is the southern part of the Taihu Plain
and lies between Taihu Lake in the north and the Qiantang River/
Hangzhou Bay in the south (Fig. 1A and B). Relief is slightly higher
(2–5m) in the south and east, and lower (< 2m) in the depression near
Taihu Lake. The East Tiaoxi River, the largest river in the East Tiaoxi
River Plain, flows northward into Taihu Lake after joining with the
West Tiaoxi River in the city of Huzhou.

Luosheyang Lake and Qianshanyang Lake are located near the East
Tiaoxi River (Fig. 1B, D and E), and are about 140 km west of Shanghai.
They are both naturally open, shallow (< 2m maximum depth) and
flat-bottomed freshwater lakes, through which the East Tiaoxi River
and its tributaries flow. Over recent decades, the area of the Luosh-
eyang Lake has been reduced due to extensive marginal development
for agriculture (e.g. rice paddies) to about 1.56 km2, while the Qian-
shanyang Lake has been almost completely reclaimed.

3. Material and methods

3.1. Coring, sampling, AMS 14C dating and age-depth model

Both cores DTX4 and DTX10, 5.7 and 4.6m long respectively, were
obtained in May 2014 using a gouge corer (Eijkelkamp Company, the
Netherlands), with a diameter of 3 cm. Core DTX4 (30°38′16.465″ N,
120°05′28.546″ E) was collected from a reclaimed agricultural field
which was previously the edge of the Luosheyang Lake, and core DTX10
from a rice paddy near present Qianshanyang Lake (Fig. 1B, D and E).
Lithology of both cores was examined carefully during the drilling,
including particle composition, structure, colour, and presence of plant
macrofossils. Recent cultural sediments at the top of each core were
removed (the uppermost 80 cm at DTX4 and 20 cm at DTX10). Ten
plant macrofossils (excluding root material) and organic-rich samples
from the two cores were dated via AMS 14C dating by Beta Analytic,
USA (Table 1). All conventional dates were calibrated using the INTCAL
13 database (Reimer et al., 2009) and software Calib 7.1 (Stuiver et al.,
2015) and calibrated dates with two sigma were presented as ‘medial
point ages ± standard deviation’ (Table 1). A linear interpolation
method was used to construct the age-depth model, using the program
“Clam” with 10,000 iterations (Blaauw, 2010; Fig. 2). The sedimenta-
tion rate (SR), the best estimated age and the minima and maxima of
age confidence intervals were calculated every 2 cm (core DTX4) and
4 cm (DTX10) simultaneously, using the “Clam” program. In addition, a
sedimentation hiatus was identified in core DTX10 at a sediment depth
of 1.0 m due to a leaching structure indicative of pedogenesis
(0.88–1.0m).

Sediment subsamples were selected at 2 to 10 cm intervals, using 2
to 5 cm thick slices, with thickness chosen according to sedimentation
rate: in core DTX4, every 4 cm interval (4 cm thick) from 0.8–1.2 m,

T. Chen et al. Palaeogeography, Palaeoclimatology, Palaeoecology 498 (2018) 127–142

128



5 cm (5 cm thick) from 1.2–1.8m, 2 cm (2 cm thick) from 1.8–2.14m,
3 cm (3 cm thick) from 2.14–2.5 m, and 10 cm (5 cm thick) from
2.5–5.7 m; in core DTX10, every 4 cm (4 cm thick) from 0.2–2.3 m, and
10 cm (5 cm thick) from 2.3–4.6m. A total of 84 and 77 subsamples
were obtained for core DTX4 and DTX10 respectively. All subsamples
were stored in a fridge at 4 °C prior to analyses.

3.2. Diatom analysis

Diatom concentrations were low in most samples, with a total of

only 29 samples in core DTX4 and 10 in core DTX10 containing diatoms
at high enough concentration to permit using the standard water bath
method (Renberg, 1990; Battarbee et al., 2001). Due to extremely low
diatom concentrations, 8 samples in core DTX4 and 19 in core DTX10,
were treated with heavy liquid separation (sodium polytungstate, SPT)
using the following procedures (Battarbee and Kneen, 1982; Battarbee
et al., 2001). After organic matter and carbonate were removed using
hydrogen peroxide (H2O2) and HCl, clay grains were removed by
adding a few drops of weak NH3 solution (Battarbee et al., 2001). Then,
the non-toxic heavy liquid SPT (3Na2WO49WO3·H2O) with a density of

Fig. 1. Maps of the Taihu Plain and location of study sites. (A) Map of the present Taihu Plain (after Song et al., 2013), showing geomorphology, hydrology and
locations of cores DTX4 and DTX10, and cores collected from previous studies (red solid circles; references in Supplementary Table 1). (B) Map of the East Tiaoxi
River Plain, including West and East Tiaoxi River and locations of cores DTX4 and DTX10. (C) Palaeotopographical map of the Taihu Plain during the Last Glacial
Maximum (after Wang et al., 2012), showing the Palaeo-Taihu valley (blue solid line) and Palaeo-Taihu Estuary (green solid line). (D) and (E) Remote sensing image
in 2016, around Luosheyang Lake and Qianshanyang Lake from Google Earth, showing part of East Tiaoxi River and locations of cores DTX4 and DTX10, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
AMS 14C dating results of core DTX4 and DTX10.

Core name Depth (m) Dated material δ13C (‰) Conventional age (yr BP) Calibrated age (2 sigma, cal. yr BP) Median Calibrated age (cal. yr BP) Lab. code

Core DTX4 1.21 Plant fragments −27.2 1610 ± 30 1560–1410 1485 ± 75 Beta-383485
1.45 Plant fragments −28.8 940 ± 30 930–785 858 ± 73 Beta-406458
1.81 Plant fragments −27.8 2860 ± 30 3065–2920 2993 ± 73 Beta-383486
1.91 Plant fragments −26.4 4680 ± 30 5575–5550 5562 ± 13 Beta-406459
2.5 Organic-rich mud −25.7 5680 ± 30 6500–6405 6453 ± 48 Beta-382369
5.33 Plant fragments NA 6150 ± 30 7160–6950 7055 ± 105 Beta-383487

Core DTX10 0.88 Plant fragments NA 2720 ± 30 2870–2760 2815 ± 55 Beta-382371
2.3 Plant fragments −27.6 6650 ± 30 7580–7480 7530 ± 50 Beta-382366
2.91 Organic-rich mud −25.1 8380 ± 30 9475–9400 9438 ± 38 Beta-385582
4.25 Plant fragments −26.1 6780 ± 40 7680–7575 7628 ± 53 Beta-385583

Fig. 2. Age-depth model, sedimentation rate (SR) and density distribution of AMS 14C dates (shaded in yellow) basing on the “Clam” program (Blaauw, 2010), and
lithology profile for core DTX4 and DTX10. A sedimentation hiatus was identified at 1.0 m in core DTX10 because of clear indications of pedogenesis (leaching)
apparent in the lithology between 0.88 and 1.0 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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2.26 gml−1 was used twice to separate diatoms from mineral grains
with a density above this. Diatom slides were made in the regular way
using the diatom-enriched supernatant taken from the top of SPT so-
lutions, after washing with distilled water. A known number of mi-
crospheres were added to all samples to assess diatom concentration
(Battarbee and Kneen, 1982). The average number of diatoms counted
for samples prepared with regular water-bath and SPT method is 266
and 269 valves, respectively, in core DTX4, with the exception of one
sample at 5.675m, for which only 111 valves were counted due to
extremely low diatom concentration. The number of diatoms counted
for regularly treated samples was lower in core DTX10 than that in core
DTX4 due to lower diatom concentration, but counts of at least 174
valves were obtained with an average of 192, while for SPT treated
samples, over 270 valves with an average of 331 were counted. Valves
were identified to species level where possible using general (Krammer
and Lange-Bertalot, 1986, 1988, 1991a, 1991b; http://westerndiatoms.
colorado.edu/) and more specialised coastal floras (Witkowski et al.,
2000). Diatoms were also classified into their salinity (freshwater,
brackish and marine) and habitat preferences (planktonic, benthic),
based on the literature and website resources (e.g. van der Werff and
Huls, 1976; Vos and de Wolf, 1993; Ryves et al., 2004; http://craticula.
ncl.ac.uk/Molten/jsp/; http://www.marinespecies.org/) and ecological
knowledge.

In most samples some signs of diatom dissolution were apparent:
e.g. thinner valve walls in the sub-fossil material. Therefore, the state of
dissolution for each valve was recorded and the F-index, the ratio of
pristine valves to the sum of pristine and dissolved valves, was calcu-
lated for each sample (Ryves et al., 2001). Even where the standard
water-bath method was suitable, and diatom concentrations were
higher (generally in the fresh water phases), preservation was judged
not consistently good enough to support applying a salinity model
(which remain robust; Juggins, 2013), as poor preservation is known to
cause bias in model outputs (e.g. Ryves et al., 2006, 2009). Percentage
abundances of diatom data were calculated and plotted using the
stratigraphic software package C2 (Juggins, 1991–2009). Diatom zones
were determined based on cluster analysis using the CONISS function in
the program Tilia 2.0.41.

3.3. Grain size analysis

Grain size analyses were conducted on each subsample. These
samples were firstly pretreated with 10% H2O2 and then 10% HCl to
remove organic matter and carbonates respectively, and then washed in
distilled water to remove residual HCl. Following this, 5ml of 5%
Calgon® (sodium hexametaphosphate) was added to each sample before
shaking in an ultrasonic bath for 15min to prevent flocculation of fine-
grained particles (Beuselinck et al., 1998). Measurements were per-
formed with a Beckman Coulter Laser Diffraction Particle Size Analyzer
(LS13320).

3.4. Measurement of carbon and nitrogen element and their stable isotopes

Samples for total organic carbon (TOC), total nitrogen (TN), δ13C
and δ15N analysis were firstly freeze-dried, milled and sieved with a
74 μm (200 mesh) sieve. The fine fraction was collected and a sub-
sample treated with 1M HCl to remove carbonate followed by washing
for four to five times with distilled water before drying in an oven at
45 °C. Samples without additional treatment of HCl were used to
measure TC and TN, while carbonate-free samples were analysed for
TOC and isotopic carbon and nitrogen (Zhang et al., 2007).

TC, TOC and TN were measured using an organic element analyzer
(Carlo-Erba model EA1110, Italy) in the State Key Laboratory of Marine
Geology at Tongji University, China. TOC concentration was calibrated
with Eq. (1) (Yang et al., 2011):

= × − −TOC (%) TOC (%) (12 TC (%))/(12 TOC (%))measured measured

(1)

TOC/TN refers to the weight ratio of TOC (%) to TN (%) in this
paper. Stable isotopic carbon and nitrogen were measured using a
Thermo Deltaplus XL mass spectrometer (continuous flow mode) at the
Third Institute of Oceanography, State Oceanic Administration, China.
The stable isotopic ratios were expressed as δ13C and δ15N, in standard
units per mil (‰), with respect to PeeDee Belemnite (PDB) and atmo-
spheric nitrogen, respectively. The standard samples used for carbon
and nitrogen isotope measuring referred to Urea#2 and Acetanilide#1
from Biogeochemistry Laboratories Indiana University. The precision
for δ13C and δ15N were<0.2‰ and<0.3‰, respectively, based on
replicated measurements (n=5).

TOC/TN ratio and their isotopes are widely used to trace the source
of organic matter in lakes and river-estuary-marine systems (Müller and
Mathesius, 1999; Meyers, 2003; Wilson et al., 2005; Lamb et al., 2007;
Leng and Lewis, 2017). Previous studies have found that TOC/TN ratios
are> 12, 4–6, and<10 for terrestrial vegetation, bacteria, and algae
respectively (in Müller and Mathesius, 1999; Lamb et al., 2007; Leng
and Lewis, 2017 and references). δ13C values are in a range of −21 to
−31‰, −20 to −30‰, −17 to −22‰ for typical terrestrial C3

plants, freshwater plankton, and marine plankton respectively (Müller
and Voss, 1999 and references in; Lamb et al., 2007; Leng and Lewis,
2017 and references in). Terrestrial plants usually have relative low
δ15N values compared with aquatic plankton (Thornton and McManus,
1994; Middelburg and Nieuwenhuize, 1998; Müller and Voss, 1999).
These values are the underlying principles on which we base our in-
terpretation of TOC/TN, δ13C and δ15N profiles in cores DTX4 and
DTX10.

3.5. Collection of previous archive cores and palaeogeographic
reconstruction of the Taihu Plain

To correlate morphological and hydrological conditions in the East
Tiaoxi River Plain to other parts of the Taihu Plain and reconstruct
palaeohydrological conditions of the whole Taihu Plain, previously
published borehole records were compiled, selecting only those which
have good chronological (radiocarbon age) control. In total, 23 sedi-
ment cores were selected and subdivided into 3 sections A-A′, B-B′ and
C-C′ (Fig. 1A and C) to make stratigraphic comparisons (core details
including location, dating depth, dating material, dating results and
references are provided in Supplementary Table 1). Conventional ages
in these cores were calibrated in software Calib 7.1 (Stuiver et al.,
2015) using the INTCAL 13 database where dating materials were plant
fragments, organic rich mud, seeds, wood and pollen residues, and the
Marine 13 database and ΔR value of 135 ± 42 when dating materials
were marine molluscs (Yoneda et al., 2007). A linear interpolation
method was used to construct ages for key depths, based on the pro-
gram “Clam” with 10,000 iterations (Blaauw, 2010).

Using sedimentary, morphological and hydrological changes ob-
tained in our new cores (DTX10 and DTX4 presented here) together
with those inferred in the 23 selected existing cores, stratigraphic
transections for the sections A-A′ B-B′ and C-C′ were reconstructed.
Accordingly, sedimentary morphological and hydrological conditions
across the whole Taihu Plain were reconstructed for several periods
between ca. 7500 and ca. 5500 cal. yr BP, associated with palaeotopo-
graphy contexts during the LGM (Fig. 1C; Hong, 1991; Li et al., 2002;
Wang et al., 2012) and relative sea-level changes in the Yangtze delta
during the Holocene (Zong, 2004; Wang et al., 2012, 2013).

T. Chen et al. Palaeogeography, Palaeoclimatology, Palaeoecology 498 (2018) 127–142

131

http://westerndiatoms.colorado.edu/
http://westerndiatoms.colorado.edu/
http://craticula.ncl.ac.uk/Molten/jsp/
http://craticula.ncl.ac.uk/Molten/jsp/
http://www.marinespecies.org/


4. Results and interpretation

4.1. Lithology, AMS 14C dating and sedimentary accumulation rates in
cores DTX4 and DTX10

4.1.1. Core DTX4
The bottom 2.7 m of the sequence (i.e. 5.7–3.0 m depth) consisted of

grey homogeneous mud with abundant plant fragments (Fig. 2). This
changed to dark, organic-rich mud over 3.0–2.0m, followed by a peaty
mud layer (2.0–1.8m). Grey homogeneous mud with abundant plant
fragments reoccurred at 1.8–1.45m, with peaty mud at 1.75 and
1.5–1.45m. Plant fragments declined from 1.45m to the top. In total,
six AMS 14C dates were obtained over the sequence (Table 1). These
ages are in reasonable sequential order with the exception of the date
obtained at 1.21m, which is older than the age obtained from the peaty
mud at 1.45m. We reject this reversed age because it could be derived
from reworked plant macrofossils. By contrast, the age from peaty mud
is more reliable because the peaty mud was formed by in situ deposition
of local marsh plants. Stanley (2000) reported that it is quite common
that radiocarbon dates of Holocene sediments do not become progres-
sively older with depth in cores from the Yangtze delta, due to the in-
troduction of old carbon during sediment transport and storage. This
“old carbon” phenomenon has also been discussed by Wang et al.
(2012). The remaining five dates were used to generate the linear in-
terpolation age-depth model and to calculate sedimentation rate (SR)
with the program “Clam” (Blaauw, 2010; Fig. 2). Relatively high SR of
0.47 cm per year (cm yr−1) from 7050 to 6450 cal. yr BP (5.33–2.5m)
was followed by a reduced SR of 0.056 cm yr−1 from 6450 to
5560 cal. yr BP (2.5–1.91m) and 0.004 cm yr−1 from 5560 to
2990 cal. yr BP (1.91–1.81m). After 2990 cal. yr BP, SR increased to
0.017 from 1.81–1.45m and to 0.072 from 1.45–0.8m (Fig. 2).

4.1.2. Core DTX10
From the base of the sequence (4.7 m) to 1.0 m, lithology was grey

homogeneous mud with plant fragments occurring occasionally
(Fig. 2). This changed to light grey homogeneous, stiff mud with bluish
leaching structures at 1.0–0.88m, indicating subaerial pedogenesis
processes and hence a sedimentation hiatus. At 0.88m, it became dark,
homogeneous mud with abundant plant fragments to the top. Four AMS
14C dates were obtained throughout the sequence (Table 1). The re-
versed date at 2.91m (9475–9400 cal. yr BP) was rejected, as we argue
that it was also derived from reworked plant material as discussed
earlier (Stanley, 2000; Wang et al., 2012). The remaining three dates
were used to construct the age-depth model and to calculate SR based
on “Clam” (Fig. 2). When running the age-depth model in “Clam”, a
sedimentation hiatus was set at 1.0 m, as reflected by the pedogenesis at
1.0–0.88m. Core DTX10 showed similar SR pattern to core DTX4. Be-
fore 7460 cal. yr BP (below 1m), SR was high (up to 2 cm yr−1),
thereafter pedogenesis and a sedimentation hiatus occurred from 7460
to 2810 cal. yr BP (1.0–0.88m). Following this, SR rose to 0.03 cm yr−1

after 2810 cal. yr BP (0.88–0m).

4.2. Diatom assemblages

4.2.1. Core DTX4
A total of 236 species were identified and four habitat groups were

distinguished including freshwater, salt-tolerant freshwater, brackish
and marine species. No diatoms were found from 2.0–2.75m and
1.2–1.45m. All diatom species> 5% were plotted as percentages of the
total assemblage in Fig. 3.

In Zone I (5.7–5.0 m, 7140–6990 cal. yr BP), diatom concentration
was the highest over the whole sequence (avg. 6.84×103 valve g−1

wet weight). On the contrary, F-index was the highest, with 29.1% of
valves on average remaining in pristine state (Fig. 3). The two most
abundant species were Aulacoseira granulata (avg. 13.8%) and Aulaco-
seira ambigua (avg. 12.6%). These two salt-tolerant freshwater

planktonic species with low salt tolerance favour shallow fresh water
(low salinity tolerant) and well-mixed hydrological conditions (Kilham,
1990; Owen and Crossley, 1992). Freshwater benthic species such as
Pseudostaurosira brevistriata (avg. 9.2%), Staurosira construens (avg.
4.9%) and its varieties of Staurosira construens f. venter (avg. 4.3%) and
Staurosira construens f. construens (avg. 2.5%) followed. Brackish
benthic (e.g. Diploneis smithii var. dilatata, Amphora copulata) and
freshwater benthic species (e.g. Gomphonema gracile/parvulum, Eunotia
minor) were also found, but at low percentages (< 3% for each). The
average percentage of freshwater species (including both freshwater
and freshwater with low salt tolerance groups) in this section was
88.5% while brackish species accounted for only 9.9%, and the average
percentage of planktonic species was 39.5%.

In Zone II (5.0–4.0 m, 6990–6780 cal. yr BP), the diatom con-
centration decreased to 3.23× 103 valve g−1 wet weight, while the F-
index declined slightly to 13.9%. Relative concentration of freshwater
planktonic (e.g. A. ambigua) and freshwater benthic with low salt tol-
erance species (e.g. P. brevistriata, S. construens and its varieties of S.
construens f. venter and S. construens f. construens) decreased slightly,
with the exception of A. granulata which remained fairly constant.
Correspondingly, percentages of brackish and freshwater benthic spe-
cies (including D. smithii var. dilatata, A. copulata, Gyrosigma acumi-
natum, G. gracile) rose slightly. A brief recovery of the low salinity
planktonic (A. ambigua/granulata) and benthic (P. brevistriata, S. con-
struens and its varieties) group occurred at the top of this unit
(4.0–4.4m). The average percentages of freshwater species dropped to
78.5% while brackish species rose to 19.3%, and planktonic species
decreased to 29.5%.

In Zone III (4.0–2.7m, 6780–6500 cal. yr BP), a further drop of
diatom concentration (avg. 2.23×103 valve g−1 wet weight) occurred,
accompanied by increasing dissolution (F-index dropped to 7.9%). A.
granulata remained relatively abundant (avg. 10.8%), despite a further
decrease in the low salinity assemblages, giving way to brackish benthic
(e.g., D. smithii var. dilatata, A. copulata, Gyrosigma strigilis and Navicula
menisculus) and freshwater benthic (e.g. G. accuminatum, G. gracile,
Cymbella tumida) species. The average percentage of freshwater species
declined to 66.7% and brackish species rose to 31.6%, with the
planktonic group falling to 20.4%.

A remarkable shift in the diatom assemblage occurred in Zone IV
(2.0 m from the top, 5570 cal. yr BP to the present), associated with a
slight increase in diatom concentration (avg. 2.85×103 valve g−1 wet
weight) and increase in F-index (avg. 9.7%). This unit was dominated
by freshwater benthic and epiphytic species of G. parvulum/gracile, E.
minor, Fragilaria vaucheriae and Cymbella silesiaca, with very few
brackish benthic (e.g. D. smithii var. dilatata, A. copulata, N. menisculus,
G. strigilis) and freshwater to low salinity tolerant planktonic species
(e.g. A. granulata/ambigua). In the uppermost samples (1.1–1.0 m),
Diadesmis confervacea became frequent (up to 45%), an indicator of
aerial/terrestrial or very shallow-water conditions (Gell et al., 2007).
Freshwater species accounted for 95.1% and brackish species were<
5% on average, while planktonic species accounted for only 3.9% of
the assemblage.

4.2.2. Core DTX10
Diatom concentration was low with an average value of

0.46×103 valve g−1 wet weight for the whole core (Fig. 4), probably
resulting from strong dissolution of diatoms reflected by low average F-
index value (~7.4%) and dilution caused by high sediment accumula-
tion rates or low diatom productivity. No diatoms were found from
2.7–3.0m and 0.84–2.0 m and only a few broken diatom fragments
were found on slides for samples from the top to 0.84m. Preservation in
one sample at 0.66m was slightly better, but most remaining diatoms
were the dissolved centres of large benthic genera Pinnularia or Cym-
bella, but which cannot be identified to species level. For other samples
from 0.3 to 0.84m, broken fragments of freshwater genera, such as
Eunotia species, were seen. A total of 154 species were identified for the
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whole sequence and diatom species> 5% plotted as relative abundance
in Fig. 4.

The diatom assemblage from the base to 2.0m (7650–7520 cal. yr
BP; except 2.7–3.0 m where no diatoms were found) was dominated by
Cyclotella striata (avg. 22.5%), which is usually abundant in river-
mouth/estuarine environments (Ryu et al., 2005), Actinoptychus se-
narius (avg. 19.8%), the relatively low-salinity coastal planktonic spe-
cies (Grönlund, 1993; Hasle and Syvertsen, 1996), Paralia sulcata (avg.
9.3%) which is used as a marker for the coastal East China Sea (Tada
et al., 1999; Ryu et al., 2005), and Chaetoceros spp. resting spores, ty-
pical marine species (avg. 9.2%). Other species found but in relatively
low percentage were coastal species of Thalassiosira nanolineata
(Grönlund, 1993; Hasle and Syvertsen, 1996) and brackish benthic
species such as Diploneis smithii var. dilatata/smithii, Nitzschia granulata,
Cocconeis costata var. pacifica. In total, percentages of marine and
brackish species were 56.3% and 37.9% on average respectively, and
planktonic species 77.4% (including tychoplanktonic taxa).

Although preservation was very poor in samples from the top to
0.84m, it was clear that the original diatom assemblage was completely
different. Almost 99% of diatom valves (as represented by the sample at
0.66m) belonged to freshwater benthic species (including Gomphonema
gracile, Cymbella aspera, Eunotia minor, E. formica and unidentified
Pinnularia and Cymbella species). We argue that the switch from a
brackish/marine to a freshwater assemblage from Zone I to Zone II
reflects a real change to the salinity and hydrology of the system as the
vestigial fragments of diatoms in Zone II are resistant and have dis-
tinctive morphologies. Had these taxa been part of the assemblage of
earlier sections, they would have been significant aspects of the as-
semblages there also. By the same token, most of the taxa in the earlier,
more marine parts of Zone I are also very resistant to dissolution (e.g.
Chaetoceros cysts, Paralia sulcata, Cyclotella striata) with distinctive ta-
phonomic end-members, and would have appeared in Zone I had they
been present in the original assemblage in that section. Thus we are
confident that Zone I was deposited under brackish-marine conditions

while Zone II represents a freshwater system.

4.3. Grain size, TOC/TN ratio and C-N stable isotopes

Based on grain size composition, TOC, TN, TOC/TN and C-N stable
isotope (δ13C, δ15N) variations, cores DTX4 and DTX10 were divided
into five and three zones, denoted as Zone I–V, respectively (Figs. 5–7).
Zone II and V in core DTX4 (Fig. 5) were both divided into three sub-
zones based on variation of TOC/TN ratio, δ13C and δ15N values. Zone I
and III in core DTX10 were also divided into three and two sub-zones
respectively.

4.3.1. Core DTX4
In Zone I (5.7–5.5m, 7140–7100 cal. yr BP), clay content (< 4 μm)

was around 24.8%, silt (4–63 μm) 67.7%, and sand (63–2000 μm) 7.3%
on average. In Zone II (5.5–2.5m, 7100–6450 cal. yr BP), clay content
(avg. 19.6%) decreased and silt content (avg. 72.7%) increased slightly,
particularly for grains between 16 and 63 μm. No change occurred in
sand content. Particles between 8 and 16 μm increased slightly while
particles between 16 and 63 μm fell in II3 (4.0–2.5 m, 6780–6450 cal. yr
BP) compared to II1 (5.5–5.0 m, 7100–6990 cal. yr BP) and II2
(5.0–4.0m, 6990–6780 cal. yr BP). Grain size assemblages in Zone III
(2.5–2.0m, 6450–5570 cal. yr BP) remained similar to those of Zone II,
followed by a sudden increase in sand content in Zone IV (2.0–1.8 m,
5570–2990 cal. yr BP) and clay content in Zone V (1.8 m to the top,
2990 cal. yr BP to the present) with an opposite trend in silt content.

The linear correlation of TOC to TN (Fig. 6A) implied that TN
content was controlled mostly by organic matter, while the positive TN
intercept of 0.07% indicated a slight contribution from inorganic ni-
trogen. Plots of δ13C and δ15N against TOC/TN revealed a mixture of
freshwater and marine algae and terrestrial C3 plants (Fig. 6B and C). In
Zone I, TOC (avg. 0.47%), TN (avg. 0.06%) and TOC/TN (avg. 7.48)
minima coincided with relatively high δ13C (avg. −24.04‰) and δ15N
(avg. +3.16‰), indicating contribution from marine plankton and

Fig. 3. Diatom taxa in core DTX4 (> 5% relative abundance) separated into freshwater (including both freshwater and salt-tolerant freshwater groups), brackish, and
marine species, percentages of planktonic species, F-index and diatom concentration. Calibrated AMS 14C dates (in dark) and calculated age regions (in grey) for
important boundaries are presented as ‘medial point ages ± standard deviation’, as in Figs. 4, 5 and 7.
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bacteria (Müller and Mathesius, 1999; Müller and Voss, 1999; Lamb
et al., 2007). The bi-plot of δ13C to TOC/TN showed that Zone I samples
lay in the domain of marine algae or marine particulate organic carbon
(POC; Fig. 6B). The bi-plot of δ15N against TOC/TN reflected a pre-
dominant contribution from algae as well (Fig. 6C).

An abrupt increase in TOC (1.07–2.12%, avg. 1.47%), TN
(0.10–0.16%, avg. 0.13%) and TOC/TN (9.07–13.50, avg. 11.53)
characterised zone II with lower δ13C (from −25.58‰ to −26.61‰,
avg. −26.74‰) and δ15N (from +1‰ to +4.39‰, avg. +2.25‰),
signifying the sudden increase in importance of C3 terrestrial plants and
reflecting the formation of a marsh environment. A shift on the bi-plots
of δ13C and δ15N vs. TOC/TN implied a mixture of freshwater POC and
C3 plants for samples in Zone II with one exception of marine POC in
Zone II2. The gradual increase in δ13C and δ15N from Zone II1 to II2, and
to II3, coincided with changes in position in bi-plots of δ13C and δ15N
against TOC/TN which was interpreted as a slight, but persistent, in-
crease in the importance of marine algae/POC from the bottom to the
top of Zone II.

TOC, TN, TOC/TN values increased gradually to maxima of 10.83%,
0.51% and 21.09, respectively, from Zone III to the top of IV where
lithology changed to peaty mud, while δ13C and δ15N values dropped
consistently to minima of −27.76‰ and −0.55‰, respectively.
Integrating patterns on the two bi-plots (Fig. 6B and C), Zone III was
dominated mostly by terrestrial C3 plants and secondarily by freshwater
algae/POC, while typical terrestrial C3 plants dominated the organic
matter composition of Zone IV. In Zone V, a rapid drop in TOC (avg.
1.34%), TN (avg. 0.14%) and the TOC/TN ratio (avg. 9.13) occurred,
with lowest values in subzone V2 followed by an increase in subzone V3.
The δ13C values remained depleted except for subzone V2

(1.25–1.45m) where they showed peaks, while the δ15N values

increased suddenly and remained high from the bottom to the top. The
pattern on the two bi-plots (Fig. 6B and C) suggested an increase in
freshwater algae/POC and bacteria in Zone V, especially in Zone V2

where algae and bacteria dominated.

4.3.2. Core DTX10
In Zone I (from the base to 1.0 m, 7650–7460 cal. yr BP), silt content

was 50–74%, the highest values in the profile, with lesser amounts of
clay and sand (Fig. 7). Zone II (1.0–0.88m, 7460–2810 cal. yr BP) was a
transitional zone for all proxies. There was a slight and gradual increase
in silt content from the bottom to the top, while sand content remained
constant. In Zone III (0.88m to the top, 2810 cal. yr BP to present) both
silt and clay content dropped while sand content rose dramatically to
26% on average, with a slight increase in clay and silt content at the top
of Zone III2.

A linear correlation between TOC and TN was found, but two dis-
crete groups were identified (Fig. 6D): the samples in Zone I formed one
group and samples in Zone II and III a second. This showed that TN
values were mostly controlled by organic matter, but also inorganic
nitrogen contributed slightly as shown by the positive TN intercept of
0.035% and 0.09% respectively. Plotting δ13C against TOC/TN revealed
a mixture of two end members of POC/algae/bacteria and C3 terrestrial
plants (Fig. 6E). This explanation was supported by the strongly nega-
tive linear correlation between δ15N and TOC/TN (r=−0.85; Fig. 6F).
TOC values were 0.42–0.89% (avg. 0.59%) in zone I and TN
0.08–0.14% (avg. 0.10%) (Fig. 7), while TOC/TN ratios were 4.35–7.41
(avg. 5.80). These minimum values were accompanied by the highest
δ13C (from −23.82‰ to −26.32‰, avg. −24.73‰) and δ15N values
(from +3.44‰ to +6.12‰, avg. 4.30‰). Very small increases in TOC,
TN and TOC/TN coincided with minor decreases of δ13C and δ15N from

Fig. 4. Diatom taxa in core DTX10 (> 5% relative abundance) with separated into freshwater, brackish and marine species, percentages of planktonic species, F-
index and diatom concentration.
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Zone I1 to I3. Integrating patterns on the plots of δ13C and δ15N against
TOC/TN, a mixture of freshwater and marine algae/POC and bacteria
composed the organic matter source for samples in Zone I, with the
freshwater algal/POC contribution increasing from Zone I1 to I3. In
Zone II, TOC and TN values increased rapidly up to 1.79% and 0.14%
on average and TOC/TN up to 12.37. On the contrary, δ13C and δ15N
declined to −27.89‰ and +2.39‰, respectively. Changes in all these
proxies reflected an abrupt addition of terrestrial organic matter from
C3 plants, supported by the bi-plots of δ13C and δ15N against TOC/TN.
In Zone III, this pattern of consistently high TOC, TN and TOC/TN and
lower δ13C and δ15N continued, with small decreases in these para-
meters in Zone III2. On bi-plots of δ13C and δ15N vs. TOC/TN, samples
of Zone III1 fell in the region typical of C3 terrestrial plants and samples
of Zone III2 in the region between C3 plants and freshwater POC/algae.

5. Discussion

5.1. Sedimentary, morphological and hydrological changes in the East
Tiaoxi River Plain

The dominance of marine diatoms and marine algae/POC con-
tribution for the TOC in core DTX10 confirms that there was a high
salinity estuary (the Palaeo-Taihu Estuary) in the East Tiaoxi River
Plain before ca. 7500 cal. yr BP (Figs. 4, 7; Hong, 1991), in response to
rapid early to mid-Holocene sea-level rise (Chappell and Polach, 1991;
Bard et al., 1996; Bird et al., 2007; Wang et al., 2012). The high sedi-
mentation accumulation rate up to 2 cm yr−1 in core DTX10 during this
period signified rapid infilling of this estuary. From ca. 7500 cal. yr BP,
freshening occurred at site DTX10 indicated by the increase in organic
source from freshwater algae/POC (Zone I2–I3 in Fig. 7). At some time
after ca. 7500 cal. yr BP, the area around core DTX10 was subaerially
exposed until ca. 2800 cal. yr BP, inferred from the sedimentation

hiatus and observed pedogenesis (1.0–0.88m in Figs. 2 and 7). In
contrast, the area around core DTX4 changed from estuary to a low-
salinity marsh during ca. 7100–7000 cal. yr BP, indicated by dominant
organic matter changing from marine algae/POC to freshwater algae/
POC and C3 terrestrial plants (Fig. 5). The estuary at 7100 cal. yr BP was
also characterised by low salinity, with the diatom assemblages domi-
nated by salt-tolerant freshwater group of A. granulata/ambigua, P.
brevistriata, S. construens and its varieties of S. construens f. venter and S.
construens f. construens (Fig. 3). These diatom taxa are often found in
isolation basins (e.g. freshwater lakes formed as sea level falls) (Stabell,
1985), and therefore, their high concentrations indicate that the site
DTX4 was in the stage of isolation from seawater during ca.
7100–7000 cal. yr BP. Consequently, we infer that the freshening of the
East Tiaoxi River Plain likely started between 7500 and 7100 cal. yr BP,
possibly due to coastal development and freshwater discharge from the
Yangtze River, benefitting from a warmer and, more importantly,
wetter climate during the Holocene Thermal Maximum (Wang et al.,
2005). Particularly, A. granulata is often found in rivers/lakes in the
flood and delta plains in eastern China and has been considered as an
indicator of freshwater discharge to estuaries (Chen et al., 2011; Dong
et al., 2008; Liu et al., 2012; Wang et al., 2009). We thus suppose high
and constant percentages of A. granulata during 7100–6500 cal. yr BP in
core DTX4 implied the strong freshwater influence of Yangtze River
runoff.

At some time after ca. 7000 cal. yr BP, although the marsh was
dominated by C3 plants and strongly influenced by the Yangtze fresh-
water discharge, penetration of salt water occurred at core DTX4 as
percentages of brackish benthic diatom and influence from marine
POC/algae increased (Zone II2 and II3 in Figs. 5; 6). During this period,
the infilling of the Palaeo-Taihu Estuary continued, but at a lower SR of
0.48 cm yr−1. The return of sea water was likely caused by the sudden
sea-level rise at ca. 6.8 ± 0.2 ka BP due to the disappearance of the

Fig. 5. Lithology and sedimentary parameters of core DTX4, including AMS 14C age, grain size distribution, TOC, TN, TOC/TN, δ13C, δ15N, and interpretation of
sedimentary environment.
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west section of the Laurentide ice sheet (Blanchon and Shaw, 1995;
Carlson et al., 2007). From ca. 6500 to 5600 cal. yr BP, sea water re-
treated slowly again and the sedimentary environment transitioned
gradually from salt marsh to freshwater marsh in the area near core
DTX4, reflected by the composition of organic matter over this period
(Fig. 5), while site DTX10 was subaerially exposed (1.0–0.88m in
Fig. 7). Correspondingly, the infilling rate of the Palaeo-Taihu Estuary
fell dramatically, likely signifying a process of shrinking due to the
stable or slightly declining sea level from ca. 6300 cal. yr BP (Fairbanks,
1989; Bard et al., 1996; Bird et al., 2007; Wang et al., accepted). After
ca. 5600 cal. yr BP, the East Tiaoxi River Plain transitioned through a
range of environments from stable freshwater marsh (core DTX4) or dry
land (core DTX10), characterised by freshwater benthic diatoms and C3

terrestrial plants respectively (Figs. 3–7). In other words, no sea water
penetration occurred and entirely freshwater environments persisted
from ca. 5600 cal. yr BP throughout to the present. In terms of the Pa-
laeo-Taihu Estuary, it likely shrank dramatically as it was filled up with

sediment.
This study also demonstrates that viable and informative diatom

counts can be made using the sodium polytungstate (SPT) density se-
paration technique even on material which has very low diatom con-
centrations (here, largely as a result of dissolution). There is some in-
dication that there is some preferential recovery of certain taxa
(compare adjacent samples using the standard water-bath and SPT
method in core DTX10 in Fig. 4, for example for Diploneis smithii in Zone
I) but there is clearly little systematic difference between the two
methods, thus confirming the utility of the approach in such sediments.
Results here support the use of SPT as a very useful technique which
may have wider application in estuarine and marine sediments, where
the option of working on material with well-preserved or abundant
diatoms (or other siliceous remains) may simply not be available, and
yet may deliver much information of great palaeoecological value, even
with poorly preserved assemblages (cf. Ryves et al., 2006, 2009).

Fig. 6. Correlation between TOC and TN (A and D), biplot of δ13C values and TOC/TN (B and E), correlation between δ15N values and TOC/TN (C and F) for core
DTX4 (A to C) and DTX10 (D to F), respectively. Regions for different type of organic matter are after Lamb et al. (2007).
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5.2. Environmental changes in the whole Taihu Plain

We recognise six stages for the morphological and hydrologic evo-
lution of the Palaeo-Taihu Estuary according to the multi-proxy ana-
lyses in cores DTX4 and DTX10. Before 7500 cal. yr BP, it was a high
salinity estuary; 7500–7100 cal. yr BP, a low salinity estuary influenced
strongly by the Yangtze freshwater discharge; 7100–7000 cal. yr BP, it
developed into a low salinity to freshwater marsh; 7000–6500 cal. yr
BP, salt water penetrated into the marsh; 6500–5600 cal. yr BP, gradual
retreat of marine influence; and from 5600 cal. yr BP, stable freshwater
conditions. A similar history of hydrologic change can be inferred from
the stratigraphic transections across the Taihu Plain (Fig. 8).

Estuarine facies dominated before 7500 cal. yr BP in multiple cores
including 97C, 97A, DS, JLQ, GT and XL in the palaeo-Taihu Estuary
(Fig. 8A; references for these cores are in Supplementary Table 1), due
to rapid sea-level rise in the early Holocene (Wang et al., 2012). The
sedimentary facies then turned into tidal flat in these cores around
7500 cal. yr BP owing to the infilling of the estuary (Fig. 8A). Brackish
tidal flat conditions also occurred in other cores like ZX-1, GFL and TL
in the east Taihu Plain (Fig. 8C). As the relative sea level reached ap-
proximately −6m at 7500 cal. yr BP (Wang et al., 2012), the late
Pleistocene interfluve terrace T1 region (including around Shanghai
City) was a shallow sea environment due to this transgressive phase (Li
et al., 2002; Zong, 2004; Wang et al., 2012, 2013). No sea water pe-
netration occurred throughout the Holocene in the region of the late
Pleistocene interfluve terrace T3 (Fig. 1C) where palaeo-altitude was
the highest during the LGM (as recorded in core E2, YJD, CD, CXS and
SQ; Fig. 8B and C). The central Taihu Plain was isolated from western
uplands due to sea water inundation through the Palaeo-Taihu Estuary
at ca. 7500 cal. yr BP (Fig. 9A).

The marine regression at ca. 7500–7000 cal. yr BP recorded in core
DTX4 and DTX10 was also seen in cores in the Palaeo-Taihu Estuary
(e.g. cores JLQ, GT and WJB; Fig. 8A). In the central Taihu Plain, low
salinity to freshwater marshes developed at ca. 7600–7120 cal. yr BP in
core WJB (Fig. 8B), indicated by reduced concentration of marine

dinoflagellate cysts and Chenopodiaceae pollen (Qin et al., 2011). Con-
sequently, this sea water regression event promoted the rapid expan-
sion of low salinity to freshwater marshes, especially in the area of the
Palaeo-Taihu valley (Fig. 9B).

Evidence for sea water penetration after 7000 cal. yr BP was found
in several sediment cores (e.g. PW, WJB, MJB) in the central Taihu
Plain (Fig. 8B) in addition to those in the Palaeo-Taihu Estuary
(Fig. 8A). Moreover, this marine transgression reached areas where no
sea water influence was observed in the records before. For example,
the foraminifera Ammonia compressiuscula and Ammonia cff. sobrina,
which prefer brackish tidal flat environments, occurred for the first
time in the peat layer dated at ca. 7000 cal. yr BP at site LTD, located at
the head of the Palaeo-Taihu valley, northwest of the Taihu Plain (Li
et al., 2008; Fig. 8B). Marine and brackish diatom species, marine
species of dinoflagellate cysts and foraminifera were only found at
50–90 cm (dated at ca. 7000 cal. yr BP) in core W1 in the north part of
Taihu Lake (Figs. 8B and 9C; Chang et al., 1994, Wang et al., 2001). Sea
water also inundated the low salinity marsh around core PW in the
south east Taihu Plain at some time after 7200 cal. yr BP (Fig. 8B; Zong
et al., 2011; Innes et al., 2014). Therefore, the transgression during ca.
7000–6500 cal. yr BP influenced a large area, including the innermost
Taihu Plain, through low-lying area such as the Palaeo-Taihu valley
(Fig. 9C). Low salinity marsh then returned from ca. 6200 to
5600 cal. yr BP at sites LTD, W1, PW and DTX4 (Fig. 8), and thereafter
stable freshwater conditions in the central Taihu Plain developed
completely after ca. 5600 cal. yr BP, likely indicating the closure of the
Palaeo-Taihu Estuary (Fig. 9D).

5.3. Role of hydrological environments on the development of rice farming

Rice growth is susceptible to salinity conditions and demands sui-
table water depth, in addition to warm and humid climate (Zeng et al.,
2003; Yu et al., 2000; Chen et al., 2005; Innes et al., 2009, 2014;
Patalano et al., 2015). The Taihu Plain was semi-encircled by sea water
before ca. 7500 cal. yr BP (Fig. 9A), corresponding with no sedentary

Fig. 7. Lithology and sedimentary parameters of core DTX10, including AMS 14C age, grain size distribution, TOC, TN, TOC/TN, δ13C, δ15N, and sedimentary
environments interpretation.
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Neolithic settlements and no remains of rice cultivation (Mo et al.,
2011). Concurrent with withdrawal of sea water and expansion of low
salinity and freshwater marshes between ca. 7500 cal. yr BP and ca.
7000 cal. yr BP, rice cultivation began (Cao et al., 2006; Fuller et al.,
2007; Mo et al., 2011; Zong et al., 2011) and the Majiabang culture
developed in the Taihu Plain, in addition to benefits of heat and

precipitation provided by the optimum climate (Chen et al., 2005;
Wang et al., 2005). However, no rapid advance in rice cultivation or
productivity, or in the number of Neolithic sites, occurred during the
late Majiabang and early Songze period. This is likely due to the lack of
adequate freshwater supply, because the central Taihu plain was iso-
lated from the western uplands by the Taihu-Palaeo Estuary until at

Fig. 8. Stratigraphic transections of collected cores, including sections A-A′ (A) and B-B′ (B) and C-C′ (C). In section A-A′, core 97C is after Ding (2004), core 97A after
Zhou and Zheng (2000), and core DS, JLQ, GT and SL are after Yan and Huang (1987) and Hong (1991), and core XL is after Liu et al. (2015). In section B-B′, site LTD
is after Li et al. (2008), core W1 after Chang et al. (1994) and Wang et al. (2001), core E2 after Wang et al. (2001), core YJD and PW after Zong et al. (2011, 2012b)
and Innes et al. (2014), core WJB after Qin et al. (2011) and MJB after Long et al. (2014). In section C-C′, core CXS, CD and TYL are after Zong et al. (2012b), core SQ,
TCM and TL after Zong et al. (2011), core QP after Atahan et al. (2008) and Itzstein-Davey et al. (2007), ZX-1 after Chen et al. (2005) and Tao et al. (2006) and core
GEL after Wang et al. (2012). 0m is the start depth for each core. Ages in black are from references for each core and ages in grey black are linearly interpolated based
on “Clam” (Blaauw, 2010).
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around 5600 cal. yr BP (Fig. 9), and hence no river discharge from the
western uplands entered the central Taihu plain.

We further suggest that the freshening of the East Tiaoxi River Plain
or the shrinkage/closure of the Palaeo-Taihu Estuary at ca. 5600 cal. yr
BP, was critical for the rapid expansion of rice agriculture across the
whole Taihu Plain during the Liangzhu period (Fig. 9D), in the context
of deteriorating climate conditions compared with the Majiabang and
Songze period (Wang et al., 2005; Innes et al., 2014). Firstly, the
shrinkage/closure of the Palaeo-Taihu Estuary, which is supported by
extensive distribution of Liangzhu cultural sites in the Tiaoxi River
Plain (Zheng, 2002), prevented the intrusion of sea water from Hang-
zhou Bay into the Taihu Plain, allowing freshwater conditions, parti-
cularly in the southern and western parts. Secondly, it restricted the
discharge of freshwater from the western uplands (e.g. the west Tiaoxi
river) into the Hangzhou Bay, and instead, forced this freshwater to
flow eastwards, likely forming three previously existing rivers: the
Loujiang River, the Wusongjiang River and the Dongjiang River

(Fig. 9D; Hong, 1991). This increasing density of the river network
would provide an increasing area of freshwater wetlands available to be
transformed into rice paddies and greater quantity of fresh water for the
east Taihu Plain. This conjecture is supported by the fact that the area
of rice paddy fields excavated in several archeological sites recently was
several times larger during the Liangzhu period than during the Ma-
jiabang and Songze period, and were connected to natural and artificial
creeks, instead of wells and ponds, which had stronger capability of
water storage (Cao et al., 2007; Hu et al., 2013; Zheng et al., 2014;
Zhuang et al., 2014). Thirdly, new or enlarged freshwater marsh en-
vironments of the East Tiaoxi River Plain would have supplied addi-
tional freshwater wetland resources. Lastly, water level rise, in response
to sea-level rise after the Taihu Plain was separated from the Hangzhou
Bay and the East China Sea, would also encourage formation of fresh-
water wetlands (Hong, 1991; Chen et al., 1997). All these advantages
together would have increased opportunity for domesticated rice cul-
tivation in the whole Taihu Plain and rice productivity, supporting the

Fig. 9. Palaeogeographic map for the Taihu Plain before ca. 7500 cal. yr BP (A), during ca. 7500–7000 cal. yr BP (B), during ca. 7000–6500 cal. yr BP (C), and at ca.
5500 cal. yr BP (D). Rivers in (D) are based on Hong (1991), and the possible formation of Taihu Lake is based on Wang et al. (2001). The number of Liangzhu
(5500–4500 cal. yr BP) cultural sites grew rapidly to 461, while it is only 78 and 93 during the Majiabang (7000–5800 cal. yr BP) and Songze (5800–5500 cal. yr BP)
period, respectively (from Zheng, 2002; Chen, 2002; Xu, 2015).
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continuous and dramatic advancement of the Liangzhu culture.
We also speculate that the terrestrialisation and freshening of the

East Tiaoxi River Plain may have facilitated communication between
the north and east Taihu Plain, with the capital city of Liangzhu at
Mojiaoshan, southwest of Taihu Plain (Fig. 9D) and even with areas
south of Hangzhou Bay (Chen, 2015; Xu, 2015), given the barrier that
the Palaeo-Taihu Estuary would have represented. Such easier com-
munication would support the development and flourishing of the
Liangzhu capital city. In return, the capital city would be act as a hub
for advanced technology and cultural innovation, promoting the further
expansion of rice farming and cultural development in the region over
the Liangzhu period.

6. Conclusions

A multiproxy sedimentological analysis combining chronological,
lithological, geochemical and biological analyses of two sediment cores
(DTX4 and DTX10) collected from the East Tiaoxi River Plain, southern
Yangtze delta Plain, have shed light on changes in landscape and hy-
drology in this region over the last 7500 years. Before ca. 7500 cal. yr
BP, the Palaeo-Taihu Estuary existed along the present day East Tiaoxi
River Plain. It infilled rapidly by ca. 7500 cal. yr BP and was char-
acterised by low salinity conditions, because of the large supply of
freshwater from the Yangtze River. Sea water, however, again pene-
trated the East Tiaoxi River Plain after ca. 7000 cal. yr BP due to an
abrupt sea-level rise, and a salt marsh environment developed. This
transgression was also recorded in other parts of the Taihu Plain where
no sea water influence occurred before, hence, it was possibly the lar-
gest sea-level transgression during the Holocene, based on the synthesis
of a large number of hydrological and environmental records from the
region. After ca. 6500 cal. yr BP, sea-water penetration gradually de-
clined and infilling rate of the Palaeo-Taihu Estuary fell owing to
slowing sea-level rise. The dramatic shrinkage/closure of the Palaeo-
Taihu Estuary occurred after ca. 5600 cal. yr BP, corresponding to the
formation of stable freshwater marsh (or subaerial land) conditions in
the East Tiaoxi River Plain.

Geomorphological and hydrological changes in the East Tiaoxi
River Plain played an important role in the rise of rice cultivation and
development of Neolithic cultures across the Taihu Plain. Especially,
the freshening of the East Tiaoxi River Plain or its terrestrialisation after
ca. 5600 cal. yr BP, was likely one critical precondition encouraging
rapid increase of rice productivity (and so cultural development) during
the Liangzhu period.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.03.012.
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