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Abstract 20 

The Taihu Plain of the Lower Yangtze valley, China was a centre of rice 21 

agriculture during the Neolithic period. Reasons for the rapid development of rice 22 

cultivation during this period, however, have not been fully understood for this coastal 23 

lowland, which is highly sensitive to sea-level change. To improve understanding of 24 

the morphological and hydrological context for evolution of prehistoric rice 25 
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agriculture, two sediment cores (DTX4 and DTX10) in the East Tiaoxi River Plain, 26 

south Taihu Plain, were collected, and analysed for radiocarbon dating, diatoms, 27 

organic carbon and nitrogen stable isotopes (δ13C and δ15N), grain size and lithology. 28 

These multiproxy analyses revealed that prior to ca. 7500 cal. yr BP, the East Tiaoxi 29 

River Plain was a rapidly aggrading high-salinity estuary (the Palaeo-Taihu Estuary). 30 

After ca. 7500 cal. yr BP, low salinity conditions prevailed as a result of strong 31 

Yangtze freshwater discharge. Subsequently, seawater penetration occurred and 32 

saltmarsh developed between ca. 7000 and 6500 cal. yr BP due to accelerated relative 33 

sea-level rise. This transgression event influenced a large area of the Taihu Plain 34 

during the Holocene, as shown by multiple sediment records from previous studies. 35 

Persistent freshwater marsh (or subaerial land) formed due to dramatic 36 

shrinkage/closure of the Palaeo-Taihu Estuary after ca. 5600 cal. yr BP when sea level 37 

was relatively stable. We speculate that morphological and hydrological changes of 38 

the East Tiaoxi River Plain played an important role in agricultural development 39 

across the Taihu Plain during the Neolithic period. The closure of the Palaeo-Taihu 40 

Estuary and the formation of stable freshwater marsh (or subaerial land) after ca. 5600 41 

cal. yr BP were critical preconditions encouraging the rapid rise of rice productivity in 42 

the Liangzhu period (5500-4500 cal. yr BP). This development changed the landscape 43 

and river systems, and thus provided adequate freshwater supply to the Taihu Plain.   44 

 45 
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The lower Yangtze valley, East China is one of the centres where intense rice 51 

growth started in the Neolithic period (Zong et al., 2007; Liu and Chen, 2012). Many 52 

studies have been focused on the origin and domestication of rice farming in this 53 

region during the Neolithic cultural period (Zong et al., 2007; Mo et al., 2011; Liu and 54 

Chen, 2012). The first evidence of collection and consumption of wild rice (ca. 55 

9000-10000 cal. yr BP) was found at Shangshan site, in Zhejiang Province (Liu and 56 

Chen, 2012; Zuo et al., 2017). Evidence for rice cultivation also found at the 57 

Kuahuqiao site at ca. 7700 cal. yr BP (Zong et al., 2007). Although marine inundation 58 

caused by sea-level rise brought rice cultivation to an end at the Kuahuqiao site at ca. 59 

7500 cal. yr BP (Zong et al., 2007), rice farming subsequently expanded to the south 60 

of the Hangzhou Bay and in the Taihu Plain, north of Hangzhou Bay (Chen et al., 61 

2008; Zong et al., 2012a; Zheng et al., 2012). Rice domestication started during the 62 

period of the Majiabang culture (7000-5800 cal. yr BP), the first Neolithic culture that 63 

appeared on the Taihu Plain, though this society still relied mostly on hunting, fishing 64 

and gathering (Cao et al., 2006; Fuller et al., 2007; Mo et al., 2011; Zong et al., 2012a; 65 

Xu, 2015). More rice cultivation was practiced during the Songze period (5800-5500 66 

cal. yr BP), but hunting, fishing and gathering were still important at that time (Cao et 67 

al., 2006; Mo et al., 2011). Subsequently, rice farming intensified and its yield 68 

increased dramatically during the Liangzhu culture (5500-4500 cal. yr BP) (Fan, 2011; 69 

Mo et al., 2011; Zhuang et al., 2014; Zhang et al., 2015). For example, substantial 70 

quantities of carbonised rice were found at several Liangzhu sites (Fan, 2011), one of 71 

which even reached to tens of thousands of kilograms; numerous specialised fine 72 

stone tools used for rice farming, such as ploughs and sickles, were also found (Mo et 73 

al., 2011). Relying on rapid advances in rice farming, the Liangzhu culture developed 74 

into a sophisticated and complex society and was considered as one of the most 75 
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advanced Neolithic societies in the world (Jiang and Liu, 2006; Zhu, 2006; Lawler, 76 

2009; Mo et al., 2011; Zong et al., 2012a; Zhuang et al., 2014). 77 

Several studies suggested that a warm/humid climate promoted the development 78 

of rice farming in the lower Yangzte delta (Yu et al., 2000; Chen et al., 2005; Innes et 79 

al., 2009, 2014; Patalano et al., 2015), together with ancient people’s successful water 80 

and landscape management of rice paddies (Zong et al., 2007; Zhuang et al., 2014). 81 

Recently, more attention has been paid to the role of the hydrological environment, 82 

which is the result of a complex of sea-level, climate and geomorphological 83 

conditions (Zong et al., 2007; Qin et al., 2011; Zheng et al., 2012; Long et al. 2014; 84 

Patalano et al., 2015). For example, Zong et al. (2007) found that freshwater low-land 85 

swamps at the Kuahuqiao site were selected by Neolithic people for rice cultivation. 86 

Qin et al. (2011) reported that rice-based agriculture occurred during two intervals of 87 

lower salinity, between ca. 7850-7210 cal. yr BP and ca. 3000-2290 cal. yr BP. 88 

Although these studies of hydrological background based on individual cores 89 

provided insights into our understanding of the development of rice farming in the 90 

lower Yangtze valley, new studies on key sites allowing an integrated analysis of 91 

previous studies are still required to provide a more detailed environmental context on 92 

a regional scale. 93 

We focus here on the hydrological changes during the mid- to late-Holocene in 94 

the East Tiaoxi River Plain, part of the southern Taihu Plain (Fig. 1A and 1B). The 95 

East Tiaoxi River Plain is a critical part of the Taihu plain, because it was a 96 

palaeo-incised valley during the Last Glacial Maximum (LGM) and was occupied by 97 

the Palaeo-Taihu Estuary during the early- to mid-Holocene (Fig. 1C; Hong, 1991). 98 

Through this estuary, sea water could have reached the centre of the Taihu Plain, and 99 

freshwater from the west uplands, which flows into the Taihu lake at present, instead 100 

was discharged into Hangzhou Bay (Hong, 1991). Such hydrologic conditions had 101 
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restricted the freshwater resource for Neolithic people in the Taihu Plain. 102 

Morphological and hydrological changes within the East Tiaoxi River Plain from the 103 

Mid-Holocene are therefore potentially critical to understanding the evolution of rice 104 

farming in the Taihu Plain over the Neolithic period.   105 

 106 

 107 
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Fig. 1 Maps of the Taihu Plain and location of study sites. (A) Map of the present Taihu Plain (after 108 

Song et al., 2013), showing geomorphology, hydrology and locations of core DTX4 and DTX10, and 109 

cores collected from previous studies (red solid circles; references in supplementary Table 1). (B) Map 110 

of the East Tiaoxi River Plain, including West and East Tiaoxi River and locations of cores DTX4 and 111 

DTX10. (C) Palaeotopographical map of the Taihu Plain during the Last Glacial Maximum (after Wang 112 

et al., 2012), showing the Palaeo-Taihu valley (blue solid line) and Palaeo-Taihu Estuary (green solid 113 

line). (D) and (E) Remote sensing image in 2016, around Luosheyang Lake and Qianshanyang Lake 114 

from Google Earth, showing part of East Tiaoxi River and locations of core DTX4 and DTX10, 115 

respectively.   116 

    117 

A complete understanding of the evolution of morphological and hydrological 118 

environments of the East Tiaoxi River Plain during the mid- to late-Holocene, 119 

however, has been hampered by a lack of high-quality sediment archives with reliable 120 

dating allowing detailed sedimentological analysis. To address this gap and fulfill the 121 

research aim mentioned above, two sediment cores (DTX 4 and DTX10), spanning 122 

the last 7100 and 7600 years respectively, were collected beside the Luosheyang Lake 123 

and the Qianshanyang Lake in the East Tiaoxi River Plain in 2014 (Fig. 1). Using 124 

these two cores, we studied the past morphological and hydrological environments of 125 

the East Tiaoxi River Plain over the last 7600 years, by using a multi-proxy approach 126 

including lithology, grain size, diatom analysis and organic geochemistry (including 127 

stable isotopes of carbon and nitrogen: δ
13

C, δ
15

N). Additionally, we compared these 128 

new results with the hydrological environment inferred from other parts of the Taihu 129 

Plain from previously studied cores (Itzstein-Davey et al., 2007; Atahan et al., 2008; 130 

Zong et al., 2011, 2012b; Wang et al., 2012; Innes et al., 2014; Liu et al., 2015). Based 131 

on these results, we discuss how changing morphological and hydrological conditions 132 
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in the East Tiaoxi River Plain influenced the expansion of rice cultivation in the Taihu 133 

Plain over the Neolithic period.  134 

 135 

2. Study area and site description  136 

During the LGM, the landscape of the Taihu Plain was characterised by a series 137 

of river terraces (T1, T2 and T3) and incised valleys (Fig. 1C) cutting through these 138 

terraces (Yan and Huang, 1987; Li et al., 2000, 2002; Wang et al., 2012). The terraces 139 

T1, T2 and T3 were regions where the thickness of Holocene sediments were at 20-30 140 

m, 5-15 m, and < 5 m, respectively (Yan and Huang, 1987; Li et al., 2000, 2002; 141 

Wang et al., 2012). The largest two of these palaeo valleys were the Yangtze valley in 142 

the north and the Qiantang valley in the south. The Palaeo-Taihu valley lay along the 143 

western highlands, and freshwater discharge from western mountains flowed through 144 

it southwards into the Palaeo-Qiantang valley (Yan and Huang, 1987; Hong, 1991; 145 

Wang et al., 2012). When sea level rose from −18 m to −4 m between ca. 8600 cal. yr 146 

BP and ca. 7300 cal. yr BP, the south part of the Palaeo-Taihu valley became an 147 

estuary, allowing sea water from Hangzhou Bay to reach the central Taihu Plain 148 

(Hong, 1991; Wang et al., 2012). 149 

Present-day geomorphological and hydrological conditions of the Taihu Plain, 150 

however, are dramatically different. Today, the Taihu Plain is characterised by a 151 

saucer-like depression, in the centre of which lies Taihu Lake (Fig. 1A), the third 152 

largest freshwater lake in China. Taihu Lake receives freshwater inflows (e.g. the East 153 

and West Tiaoxi Rivers; Fig. 1A) from the mountainous areas to the west of the Taihu 154 

Plain and provides an important freshwater resource for the human population in the 155 

Taihu Plain. 156 

The East Tiaoxi River Plain is the southern part of the Taihu Plain and lies 157 

between Taihu Lake in the north and the Qiantang River/Hangzhou Bay in the south 158 
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(Fig. 1A and 1B). Relief is slightly higher (2-5 m) in the south and east, and lower (< 159 

2 m) in the depression near Taihu Lake. The East Tiaoxi River, the largest river in the 160 

East Tiaoxi River Plain, flows northward into Taihu Lake after joining with the West 161 

Tiaoxi River in the city of Huzhou. 162 

Luosheyang Lake and Qianshanyang Lake are located near the East Tiaoxi River 163 

(Fig. 1B, 1D and 1E), and are about 140 km west of Shanghai. They are both naturally 164 

open, shallow (< 2 m maximum depth) and flat-bottomed freshwater lakes, through 165 

which the East Tiaoxi River and its tributaries flow. Over recent decades, the area of 166 

the Luosheyang Lake has been reduced due to extensive marginal development for 167 

agriculture (e.g. rice paddies) to about 1.56 km
2
, while the Qianshanyang Lake has 168 

been almost completely reclaimed. 169 

 170 

3. Material and methods 171 

3.1 Coring, sampling, AMS 
14

C dating and age-depth model 172 

Both cores DTX4 and DTX10, 5.7 and 4.6 m long respectively, were obtained in 173 

May 2014 using a gouge corer (Eijkelkamp Company, the Netherlands), with a 174 

diameter of 3 cm. Core DTX4 (30°38′16.465′′ N, 120°05′28.546′′ E) was collected 175 

from a reclaimed agricultural field which was previously the edge of the Luosheyang 176 

Lake, and core DTX10 from a rice paddy near present Qianshanyang Lake (Fig. 1B, 177 

1D and 1E). Lithology of both cores was examined carefully during the drilling, 178 

including particle composition, structure, colour, and presence of plant macrofossils. 179 

Recent cultural sediments at the top of each core were removed (the uppermost 80 cm 180 

at DTX4 and 20 cm at DTX10). Ten plant macrofossils (excluding root material) and 181 

organic-rich samples from the two cores were dated via AMS 
14

C dating by Beta 182 

Analytic, USA (Table 1). All conventional dates were calibrated using the INTCAL 13 183 
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database (Talma and Vogel, 1993; Reimer et al., 2009) and calibrated dates with two 184 

sigma were presented as ‘medial point ages ± standard deviation’ (Table 1). A linear 185 

interpolation method was used to construct the age-depth model, using the program 186 

‘Clam’ with 10,000 iterations (Blaauw, 2010; Fig. 2). The sedimentation rate (SR), the 187 

best estimated age and the minima and maxima of age confidence intervals were 188 

calculated every 2 cm (core DTX4) and 4 cm (DTX10) simultaneously, using the 189 

‘Clam’ program. In addition, , a sedimentation hiatus was identified in core DTX10 at 190 

a sediment depth of 1.0 m due to a leaching structure indicative of pedogenesis 191 

(0.88-1.0 m). 192 

 193 

Table 1 AMS 
14

C dating results of core DTX4 and DTX10 194 

195 

Core 

name 

Depth 

(m) 
Dated material 

δ
13

C 

(‰) 

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 
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 196 

Fig. 2 Age-depth model, sedimentation rate (SR) and density distribution of AMS 
14

C dates (shaded in 197 

yellow) basing on the ‘Clam’ program (Blaauw, 2010), and lithology profile for core DTX4 and 198 

DTX10. A sedimentation hiatus was identified at 1.0 m in core DTX10 because of clear indications of 199 

pedogenesis (leaching) apparent in the lithology between 0.88-1.0 m. 200 
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Sediment subsamples were selected at 2 to 10 cm intervals, using 2 to 5 cm 201 

thick slices, with thickness chosen according to sedimentation rate: in core DTX4, 202 

every 4 cm interval (4 cm thick) from 0.8-1.2 m, 5 cm (5 cm thick) from 1.2-1.8 m, 2 203 

cm (2 cm thick) from 1.8-2.14 m, 3 cm (3 cm thick) from 2.14-2.5 m, and 10 cm (5 204 

cm thick) from 2.5-5.7 m; in core DTX10, every 4 cm (4 cm thick) from 0.2-2.3 m, 205 

and 10 cm (5 cm thick) from 2.3-4.6 m. A total of 84 and 77 subsamples were 206 

obtained for core DTX4 and DTX10 respectively. All subsamples were stored in a 207 

fridge at 4 °C prior to analyses. 208 

3.2 Diatom analysis 209 

Diatom concentrations were low in most samples, with a total of only 29 samples 210 

in core DTX4 and 10 in core DTX10 containing diatoms at high enough concentration 211 

to permit using the standard water bath method (Renberg, 1990; Battarbee et al., 212 

2001). Due to extremely low diatom concentrations, 8 samples in core DTX4 and 19 213 

in core DTX10, were treated with heavy liquid separation (sodium polytungstate, SPT) 214 

using the following procedures (Battarbee and Kneen, 1982; Battarbee et al., 2001). 215 

After organic matter and carbonate were removed using hydrogen peroxide (H2O2) 216 

and HCl, clay grains were removed by adding a few drops of weak NH3 solution 217 

(Battarbee et al., 2001). Then, the non-toxic heavy liquid SPT (3Na2WO49WO3·H2O) 218 

with a density of 2.26 g ml
−1

 was used twice to separate diatoms from mineral grains 219 

with a density above this. Diatom slides were made in the regular way using the 220 

diatom-enriched supernatant taken from the top of SPT solutions, after washing with 221 

distilled water. A known number of microspheres were added to all samples to assess 222 

diatom concentration (Battarbee and Kneen, 1982). The average number of diatoms 223 

counted for samples prepared with regular water-bath and SPT method is 266 and 269 224 

valves, respectively, in core DTX4, with the exception of one sample at 5.675 m, for 225 
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which only 111 valves were counted due to extremely low diatom concentration. The 226 

number of diatoms counted for regularly treated samples was lower in core DTX10 227 

than that in core DTX4 due to lower diatom concentration, but counts of at least 174 228 

valves were obtained with an average of 192, while for SPT treated samples, over 270 229 

valves with an average of 331 were counted. Valves were identified to species level 230 

where possible using general (Krammer and Lange-Bertalot, 1986, 1988, 1991a, 231 

1991b; http://westerndiatoms.colorado.edu/) and more specialised coastal floras 232 

(Witkowski et al., 2000). Diatoms were also classified into their salinity (freshwater, 233 

brackish and marine) and habitat preferences (planktonic, benthic), based on the 234 

literature and website resources (e.g. van der Wuff and Huls, 1976; Vos and de Wolf, 235 

1993; Ryves et al., 2004; http://craticula.ncl.ac.uk/Molten/jsp/; 236 

http://www.marinespecies.org/) and ecological knowledge.  237 

In most samples some signs of diatom dissolution were apparent: e.g. thinner 238 

valve walls in the sub-fossil material. Therefore, the state of dissolution for each valve 239 

was recorded and the F-index, the ratio of pristine valves to the sum of pristine and 240 

dissolved valves, was calculated for each sample (Ryves et al., 2001). Even where the 241 

standard water-bath method was suitable, and diatom concentrations were higher 242 

(generally in the fresh water phases), preservation was judged not consistently good 243 

enough to support applying a salinity model (which remain robust; Juggins, 2013), as 244 

poor preservation is known to cause bias in model outputs (e.g. Ryves et al. 2006, 245 

2009). Percentage abundances of diatom data were calculated and plotted using the 246 

stratigraphic software package C2 (Juggins, 1991-2009). Diatom zones were 247 

determined based on cluster analysis using the CONISS function in the programme 248 

Tilia 2.0.41.  249 

http://craticula.ncl.ac.uk/Molten/jsp/
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3.3 Grain size analysis 250 

Grain size analyses were conducted on each subsample. These samples were 251 

firstly pretreated with 10 % H2O2 and then 10 % HCl to remove organic matter and 252 

carbonates respectively, and then washed in distilled water to remove residual HCl. 253 

Following this, 5 ml of 5 % Calgon® (sodium hexametaphosphate) was added to each 254 

sample before shaking in an ultrasonic bath for 15 minutes to prevent flocculation of 255 

fine-grained particles (Beuselinck et al., 1998). Measurements were performed with a 256 

Beckman Coulter Laser Diffraction Particle Size Analyzer (LS13320). 257 

3.4 Measurement of carbon and nitrogen element and their stable isotopes 258 

Samples for total organic carbon (TOC), total nitrogen (TN), δ
13

C and δ
15

N 259 

analysis were firstly freeze-dried, milled and sieved with a 74 μm (200 mesh) sieve. 260 

The fine fraction was collected and a subsample treated with 1M HCl to remove 261 

carbonate followed by washing for four to five times with distilled water before 262 

drying in an oven at 45 °C. Samples without additional treatment of HCl were used to 263 

measure TC and TN, whilst carbonate-free samples were analysed for TOC and 264 

isotopic carbon and nitrogen (Zhang et al., 2007).  265 

TC, TOC and TN were measured using an organic element analyzer (Carlo-Erba 266 

model EA1110, Italy) in the State Key Laboratory of Marine Geology at Tongji 267 

University, China. TOC concentration was calibrated with equation (1) (Yang et al., 268 

2011): 269 

TOC (%) = TOCmeasured (%) × (12−TC (%)) / (12−TOCmeasured (%))        (1) 270 

TOC/TN refers to the weight ratio of TOC (%) to TN (%) in this paper. Stable 271 

isotopic carbon and nitrogen were measured using a Thermo Deltaplus XL mass 272 

spectrometer (continuous flow mode) at the Third Institute of Oceanography, State 273 

Oceanic Administration, China. The stable isotopic ratios were expressed as δ
13

C and 274 

http://www.baidu.com/link?url=IyGQc0WPXRpO46NHfyh_69Y-P3M-p6m73p1Pgo9ZjMmCZApxqraQWK7yw5IkaKgcwOiRJpse0f1pp3ZxqqR8MRuUCijHzg_BcZJiDT6hjJQJWzI_Ks7SrBRIR90REIrm
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δ
15

N, in standard units per mil (‰), with respect to PeeDee Belemnite (PDB) and 275 

atmospheric nitrogen, respectively. The standard samples used for carbon and 276 

nitrogen isotope measuring referred to Urea#2 and Acetanilide#1 from 277 

Biogeochemistry Laboratories Indiana University. The precision for δ
13

C and δ
15

N 278 

were < 0.2 ‰ and < 0.3 ‰, respectively, based on replicated measurements (n = 5). 279 

TOC/TN ratio and their isotopes are widely used to trace the source of organic 280 

matter in lakes and river-estuary-marine systems (Müller and Mathesius, 1999; 281 

Meyers, 2003; Wilson et al., 2005; Lamb et al., 2007; Leng and Lewis, 2017). 282 

Previous studies have found that TOC/TN ratios are > 12, 4-6, and < 10 for terrestrial 283 

vegetation, bacteria, and algae respectively (in Müller and Mathesius, 1999; Lamb et 284 

al., 2007; Leng and Lewis, 2017 and references). δ
13

C values are in a range of −21 to 285 

−31 ‰, −20 to −30 ‰, −17 to −22 ‰ for typical terrestrial C3 plants, freshwater 286 

plankton, and marine plankton respectively (Müller and Voss, 1999 and references in; 287 

Lamb et al., 2007; Leng and Lewis, 2017 and references in). Terrestrial plants usually 288 

have relative low δ
15

N values compared with aquatic plankton (Thornton and 289 

McManus, 1994; Middelburg and Nieuwenhuize, 1998; Müller and Voss, 1999). 290 

These values are the underlying principles on which we base our interpretation of 291 

TOC/TN, δ
13

C and δ
15

N profiles in cores DTX4 and DTX10. 292 

3.5 Collection of previous archive cores and palaeogeographic reconstruction of the 293 

Taihu Plain 294 

To correlate morphological and hydrological conditions in the East Tiaoxi River 295 

Plain to other parts of the Taihu Plain and reconstruct palaeohydrological conditions 296 

of the whole Taihu Plain, previously published borehole records were compiled, 297 

selecting only those which have good chronological (radiocarbon age) control. In total, 298 

23 sediment cores were selected and subdivided into 3 sections A-A’, B-B’ and C-C’ 299 
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(Fig. 1A and 1C) to make stratigraphic comparisons (core details including location, 300 

dating depth, dating material, dating results and references are provided in 301 

Supplementary Table 1). Conventional ages in these cores were calibrated in software 302 

Calib 7.0 (Talma and Vogel, 1993) using the INTCAL 13 database where dating 303 

materials were plant fragments, organic rich mud, seeds, wood and pollen residues, 304 

and the Marine 13 database and ΔR value of 135 ± 42 when dating materials were 305 

marine molluscs (Yoneda et al., 2007; Reimer et al., 2013). A linear interpolation 306 

method was used to construct ages for key depths, based on the program ‘Clam’ with 307 

10,000 iterations (Blaauw, 2010).  308 

Using sedimentary, morphological and hydrological changes obtained in our new 309 

cores (DTX10 and DTX4 presented here) together with those inferred in the 23 310 

selected existing cores, stratigraphic transections for the sections A-A’, B-B’ and C-C’ 311 

were reconstructed. Accordingly, sedimentary morphological and hydrological 312 

conditions across the whole Taihu Plain were reconstructed for several periods 313 

between ca. 7500 and ca. 5500 cal. yr BP, associated with palaeotopography contexts 314 

during the LGM (Fig. 1C; Hong, 1991; Li et al., 2002; Wang et al., 2012) and relative 315 

sea-level changes in the Yangtze delta during the Holocene (Zong, 2004; Wang et al., 316 

2012, 2013). 317 

   318 

4. Results and interpretation 319 

4.1 Lithology, AMS 
14

C dating and sedimentary accumulation rates in cores DTX4 320 

and DTX10 321 

4.1.1 Core DTX4  322 

The bottom 2.7 m of the sequence (i.e. 5.7-3.0 m depth) consisted of grey 323 

homogeneous mud with abundant plant fragments (Fig. 2). This changed to dark, 324 
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organic-rich mud over 3.0-2.0 m, followed by a peaty mud layer (2.0-1.8 m). Grey 325 

homogeneous mud with abundant plant fragments reoccurred at 1.8-1.45 m, with 326 

peaty mud at 1.75 and 1.5-1.45 m. Plant fragments declined from 1.45 m to the top. In 327 

total, six AMS 
14

C dates were obtained over the sequence (Table 1). These ages are in 328 

reasonable sequential order with the exception of the date obtained at 1.21 m, which is 329 

older than the age obtained from the peaty mud at 1.45 m. We reject this reversed age 330 

because it could be derived from reworked plant macrofossils. By contrast, the age 331 

from peaty mud is more reliable because the peaty mud was formed by in situ 332 

deposition of local marsh plants. Stanley (2000) reported that it is quite common that 333 

radiocarbon dates of Holocene sediments do not become progressively older with 334 

depth in cores from the Yangtze delta, due to the introduction of old carbon during 335 

sediment transport and storage. This ‘old carbon’ phenomenon has also been 336 

discussed by Wang et al. (2012). The remaining five dates were used to generate the 337 

linear interpolation age-depth model and to calculate sedimentation rate (SR) with the 338 

program ‘Clam’ (Blaauw, 2010; Fig. 2). Relatively high SR of 0.47 cm per year (cm 339 

yr
−1

) from 7050 to 6450 cal. yr BP (5.33-2.5 m) was followed by a reduced SR of 340 

0.056 cm yr
−1

 from 6450-5560 cal. yr BP (2.5-1.91 m) and 0.004 cm yr
−1

 from 341 

5560-2990 cal. yr BP (1.91-1.81 m). After 2990 cal. yr BP, SR increased to 0.017 342 

from 1.81-1.45 m and to 0.072 from 1.45-0.8 m (Fig. 2).  343 

4.1.2 Core DTX10  344 

From the base of the sequence (4.7 m) to 1.0 m, lithology was grey 345 

homogeneous mud with plant fragments occurring occasionally (Fig. 2). This changed 346 

to light grey homogeneous, stiff mud with bluish leaching structures at 1.0-0.88 m, 347 

indicating subaerial pedogenesis processes and hence a sedimentation hiatus. At 0.88 348 

m, it became dark, homogeneous mud with abundant plant fragments to the top. Four 349 
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AMS 
14

C dates were obtained throughout the sequence (Table 1). The reversed date at 350 

2.91 m (9475-9400 cal. yr BP) was rejected, as we argue that it was also derived from 351 

reworked plant material as discussed earlier (Stanley, 2000; Wang et al., 2012). The 352 

remaining three dates were used to construct the age-depth model and to calculate SR 353 

based on ‘Clam’ (Fig. 2). When running the age-depth model in ‘Clam’, a 354 

sedimentation hiatus was set at 1.0 m, as reflected by the pedogenesis at 1.0-0.88 m. 355 

Core DTX10 showed similar SR pattern to core DTX4. Before 7460 cal. yr BP (below 356 

1 m), SR was high (up to 2 cm yr
−1

), thereafter pedogenesis and a sedimentation 357 

hiatus occurred from 7460 to 2810 cal. yr BP (1.0-0.88 m). Following this, SR rose to 358 

0.03 cm yr
−1

 after 2810 cal. yr BP (0.88-0 m). 359 

4.2 Diatom assemblages  360 

4.2.1 Core DTX4 361 

A total of 236 species were identified and four habitat groups were distinguished 362 

including freshwater, salt-tolerant freshwater, brackish and marine species. No 363 

diatoms were found from 2.0-2.75 m and 1.2-1.45 m. All diatom species > 5 % were 364 

plotted as percentages of the total assemblage in Figure 3. 365 

 366 
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 367 

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, 368 

percentages of planktonic species, F-index and diatom concentration. Calibrated AMS 
14

C dates (in dark) and calculated age regions (in grey) for important boundaries are presented as 369 

‘medial point ages ± standard deviation’, as in Figures 4, 5 and 7. 370 
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In Zone I (5.7-5.0 m, 7140-6990 cal. yr BP), diatom concentration was the 371 

highest over the whole sequence (avg. 6.84 × 10
3 

valve g
−1

 wet weight). On the 372 

contrary, F-index was the highest, with 29.1 % of valves on average remaining in 373 

pristine state (Fig. 3). The two most abundant species were Aulacoseira granulata 374 

(avg. 13.8 %) and Aulacoseira ambigua (avg. 12.6 %). These two salt-tolerant 375 

freshwater planktonic species with low salt tolerance favour shallow fresh water (low 376 

salinity tolerant) and well-mixed hydrological conditions (Kilham, 1990; Owen and 377 

Crossley, 1991). Freshwater benthic species such as Pseudostaurosira brevistriata 378 

(avg. 9.2 %), Staurosira construens (avg. 4.9 %) and its varieties of Staurosira 379 

construens f. venter (avg. 4.3 %) and Staurosira construens f. construens (avg. 2.5 %) 380 

followed. Brackish benthic (e.g. Diploneis smithii var. dilatata, Amphora copulata) 381 

and freshwater benthic species (e.g. Gomphonema gracile/parvulum, Eunotia minor) 382 

were also found, but at low percentages (less than 3 % for each). The average 383 

percentage of freshwater species (including both freshwater and freshwater with low 384 

salt tolerance groups) in this section was 88.5 % while brackish species accounted for 385 

only 9.9 %, and the average percentage of planktonic species was 39.5 %. 386 

In Zone II (5.0-4.0 m, 6990-6780 cal. yr BP), the diatom concentration decreased 387 

to 3.23 × 10
3 

valve g
−1

 wet weight, while the F-index declined slightly to 13.9 %. 388 

Relative concentration of freshwater planktonic (e.g. A. ambigua) and freshwater 389 

benthic with low salt tolerance species (e.g. P. brevistriata, S. construens and its 390 

varieties of S. construens f. venter and S. construens f. construens) decreased slightly, 391 

with the exception of A. granulata which remained fairly constant. Correspondingly, 392 

percentages of brackish and freshwater benthic species (including D. smithii var. 393 

dilatata, A. copulata, Gyrosigma acuminatum, G. gracile) rose slightly. A brief 394 

recovery of the low salinity planktonic (A. ambigua/granulata) and benthic (P. 395 

brevistriata, S. construens and its varieties) group occurred at the top of this unit 396 
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(4.0-4.4 m). The average percentages of freshwater species dropped to 78.5 % while 397 

brackish species rose to 19.3 %, and planktonic species decreased to 29.5 %. 398 

In Zone III (4.0-2.7 m, 6780-6500 cal. yr BP), a further drop of diatom 399 

concentration (avg. 2.23 × 10
3 

valve g
−1

 wet weight) occurred, accompanied by 400 

increasing dissolution (F-index dropped to 7.9 %). A. granulata remained relatively 401 

abundant (avg. 10.8 %), despite a further decrease in the low salinity assemblages, 402 

giving way to brackish benthic (e.g., D. smithii var. dilatata, A. copulata, Gyrosigma 403 

strigilis and Navicula menisculus) and freshwater benthic (e.g. G. accuminatum, G. 404 

gracile, Cymbella tumida) species. The average percentage of freshwater species 405 

declined to 66.7 % and brackish species rose to 31.6 %, with the planktonic group 406 

falling to 20.4 %. 407 

A remarkable shift in the diatom assemblage occurred in Zone IV (2.0 m from 408 

the top, 5570 cal. yr BP to the present), associated with a slight increase in diatom 409 

concentration (avg. 2.85×10
3 

valve g
−1

 wet weight) and increase in F-index (avg. 410 

9.7 %). This unit was dominated by freshwater benthic and epiphytic species of G. 411 

parvulum/gracile, E. minor, Fragilaria vaucheriae and Cymbella silesiaca, with  412 

very few brackish benthic (e.g. D. smithii var. dilatata, A. copulata, N. menisculus, G. 413 

strigilis) and freshwater to low salinity tolerant planktonic species (e.g. A. 414 

granulata/ambigua). In the uppermost samples (1.1-1.0 m), Diadesmis confervacea 415 

became frequent (up to 45 %), an indicator of aerial/terrestrial or very shallow-water 416 

conditions (Gell et al., 2007). Freshwater species accounted for 95.1 % and brackish 417 

species were < 5 % on average, while planktonic species accounted for only 3.9 % of 418 

the assemblage. 419 
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4.4.2 Core DTX10 420 

Diatom concentration was low with an average value of 0.46 × 10
3 

valve g
−1

 wet 421 

weight for the whole core (Fig. 4), probably resulting from strong dissolution of 422 

diatoms reflected by low average F-index value ( ~7.4 %) and dilution caused by high 423 

sediment accumulation rates or low diatom productivity. No diatoms were found from 424 

2.7-3.0 m and 0.84-2.0 m and only a few broken diatom fragments were found on 425 

slides for samples from the top to 0.84 m. Preservation in one sample at 0.66 m was 426 

slightly better, but most remaining diatoms were the dissolved centres of large benthic 427 

genera Pinnularia or Cymbella, but which cannot be identified to species level. For 428 

other samples from 0.3 to 0.84 m, broken fragments of freshwater genera, such as 429 

Eunotia species, were seen. A total of 154 species were identified for the whole 430 

sequence and diatom species > 5 % plotted as relative abundance in Figure 4. 431 

The diatom assemblage from the base to 2.0 m (7650-7520 cal. yr BP; except 432 

2.7-3.0 m where no diatoms were found) was dominated by Cyclotella striata (avg. 433 

22.5 %), which is usually abundant in river-mouth/estuarine environments (Ryu et al., 434 

2005), Actinoptychus senarius (avg. 19.8 %), the relatively low-salinity coastal 435 

planktonic species (Grönlund, 1993; Hasle and Syvertsen, 1996), Paralia sulcata (avg. 436 

9.3 %) which is used as a marker for the coastal East China Sea (Tada et al., 1999. 437 

Ryu et al., 2005), and Chaetoceros spp. resting spores, typical marine species (avg. 438 

9.2 %). Other species found but in relatively low percentage were coastal species of 439 

Thalassiosira nanolineata (Grönlund, 1993; Hasle and Syvertsen, 1996) and brackish 440 

benthic species such as Diploneis smithii var. dilatata/smithii, Nitzschia granulata, 441 

Cocconeis costata var. pacifica. In total, percentages of marine and brackish species 442 

were 56.3 % and 37.9 % on average respectively, and planktonic species 77.4 % 443 

(including tychoplanktonic taxa). 444 
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 445 

Fig. 4 Diatom taxa in core DTX10 (> 5 % relative abundance) with separated into freshwater, 446 

brackish and marine species, percentages of planktonic species, F-index and diatom concentration.  447 

 448 

Although preservation was very poor in samples from the top to 0.84 m, it was 449 

clear that the original diatom assemblage was completely different. Almost 99% of 450 

diatom valves (as represented by the sample at 0.66 m) belonged to freshwater benthic 451 

species (including Gomphonema gracile, Cymbella aspera, Eunotia minor, E.  452 

formica and unidentified Pinnularia and Cymbella species). We argue that the switch 453 

from a brackish/marine to a freshwater assemblage from Zone I to Zone II reflects a 454 

real change to the salinity and hydrology of the system as the vestigial fragments of 455 

diatoms in Zone II are resistant and have distinctive morphologies. Had these taxa 456 
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been part of the assemblage of earlier sections, they would have been significant 457 

aspects of the assemblages there also. By the same token, most of the taxa in the 458 

earlier, more marine parts of Zone I are also very resistant to dissolution (e.g. 459 

Chaetoceros cysts, Paralia sulcata, Cyclotella striata) with distinctive taphonomic 460 

end-members, and would have appeared in Zone I had they been present in the 461 

original assemblage in that section. Thus we are confident that Zone I was deposited 462 

under brackish-marine conditions while Zone II represents a freshwater system.  463 

4.3 Grain size, TOC/TN ratio and C-N stable isotopes 464 

Based on grain size composition, TOC, TN, TOC/TN and C-N stable isotope 465 

(δ
13

C, δ
15

N) variations, cores DTX4 and DTX10 were divided into five and three 466 

zones, denoted as Zone I-V, respectively (Figs 5-7). Zone II and V in core DTX4 (Fig. 467 

5) were both divided into three sub-zones based on variation of TOC/TN ratio, δ
13

C 468 

and δ
15

N values. Zone I and III in core DTX10 were also divided into three and two 469 

sub-zones respectively. 470 

 471 
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 472 

Fig. 5 Lithology and sedimentary parameters of core DTX4, including AMS 
14

C age, grain size 473 

distribution, TOC, TN, TOC/TN, δ
13

C, δ
15

N, and interpretation of sedimentary environment. 474 

4.3.1 Core DTX4  475 

In Zone I (5.7-5.5 m, 7140-7100 cal. yr BP), clay content (< 4 μm) was around 476 

24.8 %, silt (4-63 μm) 67.7 %, and sand (63-2000 μm) 7.3 % on average. In Zone II 477 

(5.5-2.5 m, 7100-6450 cal. yr BP), clay content (avg. 19.6 %) decreased and silt 478 

content (avg. 72.7 %) increased slightly, particularly for grains between 16 and 63 μm. 479 

No change occurred in sand content. Particles between 8-16 μm increased slightly 480 

while particles between 16-63 μm fell in II3 (4.0-2.5 m, 6780-6450 cal. yr BP) 481 

compared to II1 (5.5-5.0 m, 7100-6990 cal. yr BP) and II2 (5.0-4.0 m, 6990-6780 cal. 482 
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yr BP). Grain size assemblages in Zone III (2.5-2.0 m, 6450-5570 cal. yr BP) 483 

remained similar to those of Zone II, followed by a sudden increase in sand content in 484 

Zone IV (2.0-1.8 m, 5570-2990 cal. yr BP) and clay content in Zone V (1.8 m to the 485 

top, 2990 cal. yr BP to the present) with an opposite trend in silt content. 486 

The linear correlation of TOC to TN (Fig. 6A) implied that TN content was 487 

controlled mostly by organic matter, while the positive TN intercept of 0.07 % 488 

indicated a slight contribution from inorganic nitrogen. Plots of δ
13

C and δ
15

N against 489 

TOC/TN revealed a mixture of freshwater and marine algae and terrestrial C3 plants 490 

(Fig. 6B and 6C). In Zone I, TOC (avg. 0.47 %), TN (avg. 0.06 %) and TOC/TN (avg. 491 

7.48) minima coincided with relatively high δ
13

C (avg. −24.04 ‰) and δ
15

N (avg. 492 

+3.16 ‰), indicating contribution from marine plankton and bacteria (Müller and 493 

Mathesius, 1999; Müller and Voss, 1999; Lamb et al., 2007). The bi-plot of δ
13

C to 494 

TOC/TN showed that Zone I samples lay in the domain of marine algae or marine 495 

particulate organic carbon (POC; Fig. 6B). The bi-plot of δ
15

N against TOC/TN 496 

reflected a predominant contribution from algae as well (Fig. 6C).  497 

An abrupt increase in TOC (1.07-2.12 %, avg. 1.47 %), TN (0.10-0.16 %, avg. 498 

0.13 %) and TOC/TN (9.07-13.50, avg. 11.53) characterised zone II with lower δ
13

C 499 

(from −25.58 ‰ to −26.61 ‰, avg. −26.74 ‰) and δ
15

N (from +1 ‰ to +4.39 ‰, avg. 500 

+2.25 ‰), signifying the sudden increase in importance of C3 terrestrial plants and 501 

reflecting the formation of a marsh environment. A shift on the bi-plots of δ
13

C and 502 

δ
15

N vs. TOC/TN implied a mixture of freshwater POC and C3 plants for samples in 503 

Zone II with one exception of marine POC in Zone II2. The gradual increase in δ
13

C 504 

and δ
15

N from Zone II1 to II2, and to II3, coincided with changes in position in bi-plots 505 

of δ
13

C and δ
15

N against TOC/TN which was interpreted as a slight, but persistent, 506 

increase in the importance of marine algae/POC from the bottom to the top of Zone II.  507 
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 508 

Fig. 6 Correlation between TOC and TN (A and D), biplot of δ
13

C values and TOC/TN (B and E), 509 

correlation between δ
15

N values and TOC/TN (C and F) for core DTX4 (A to C) and DTX10 (D to F), 510 

respectively. Regions for different type of organic matter are after Lamb et al. (2007). 511 

TOC, TN, TOC/TN values increased gradually to maxima of 10.83 %, 0.51 % 512 

and 21.09, respectively, from Zone III to the top of IV where lithology changed to 513 

peaty mud, while δ
13

C and δ
15

N values dropped consistently to minima of −27.76 ‰ 514 

and −0.55 ‰, respectively. Integrating patterns on the two bi-plots (Fig. 6B and 6C), 515 
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Zone III was dominated mostly by terrestrial C3 plants and secondarily by freshwater 516 

algae/POC, while typical terrestrial C3 plants dominated the organic matter 517 

composition of Zone IV. In Zone V, a rapid drop in TOC (avg. 1.34 %), TN (avg. 518 

0.14 %) and the TOC/TN ratio (avg. 9.13) occurred, with lowest values in subzone V2 519 

followed by an increase in subzone V3. The δ
13

C values remained depleted except for 520 

subzone V2 (1.25-1.45 m) where they showed peaks, while the δ
15

N values increased 521 

suddenly and remained high from the bottom to the top. The pattern on the two 522 

bi-plots (Fig. 6B and 6C) suggested an increase in freshwater algae/POC and bacteria 523 

in Zone V, especially in Zone V2 where algae and bacteria dominated. 524 

 525 

4.3.2 Core DTX10  526 

In Zone I (from the base to 1.0 m, 7650-7460 cal. yr BP), silt content was 527 

50-74 %, the highest values in the profile, with lesser amounts of clay and sand (Fig. 528 

7). Zone II (1.0-0.88 m, 7460-2810 cal. yr BP) was a transitional zone for all proxies. 529 

There was a slight and gradual increase in silt content from the bottom to the top, 530 

while sand content remained constant. In Zone III (0.88 m to the top, 2810 cal. yr BP 531 

to present) both silt and clay content dropped while sand content rose dramatically to 532 

26 % on average, with a slight increase in clay and silt content at the top of Zone III2. 533 

 534 
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 535 

Fig. 7. Lithology and sedimentary parameters of core DTX10, including AMS 
14

C age, grain size 536 

distribution, TOC, TN, TOC/TN, δ
13

C, δ
15

N, and sedimentary environments interpretation.  537 

A linear correlation between TOC and TN was found, but two discrete groups 538 

were identified (Fig. 6D): the samples in Zone I formed one group and samples in 539 

Zone II and III a second. This showed that TN values were mostly controlled by 540 

organic matter, but also inorganic nitrogen contributed slightly as shown by the 541 

positive TN intercept of 0.035 % and 0.09 % respectively. Plotting δ
13

C against 542 

TOC/TN revealed a mixture of two end members of POC/algae/bacteria and C3 543 

terrestrial plants (Fig. 6E). This explanation was supported by the strongly negative 544 

linear correlation between δ
15

N and TOC/TN (r = −0.85; Fig. 6F). TOC values were 545 

0.42-0.89 % (avg. 0.59 %) in zone I and TN 0.08-0.14 % (avg. 0.10 %) (Fig. 7), while 546 

TOC/TN ratios were 4.35-7.41 (avg. 5.80). These minimum values were accompanied 547 
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by the highest δ
13

C (from −23.82 ‰ to −26.32 ‰, avg. −24.73 ‰) and δ
15

N values 548 

(from +3.44 ‰ to +6.12 ‰, avg. 4.30 ‰). Very small increases in TOC, TN and 549 

TOC/TN coincided with minor decreases of δ
13

C and δ
15

N from Zone I1 to I3. 550 

Integrating patterns on the plots of δ
13

C and δ
15

N against TOC/TN, a mixture of 551 

freshwater and marine algae/POC and bacteria composed the organic matter source 552 

for samples in Zone I, with the freshwater algal/POC contribution increasing from 553 

Zone I1 to I3. In Zone II, TOC and TN values increased rapidly up to 1.79 % and 0.14 % 554 

on average and TOC/TN up to 12.37. On the contrary, δ
13

C and δ
15

N declined to 555 

−27.89 ‰ and +2.39 ‰, respectively. Changes in all these proxies reflected an abrupt 556 

addition of terrestrial organic matter from C3 plants, supported by the bi-plots of δ
13

C 557 

and δ
15

N against TOC/TN. In Zone III, this pattern of consistently high TOC, TN and 558 

TOC/TN and lower δ
13

C and δ
15

N continued, with small decreases in these 559 

parameters in Zone III2. On bi-plots of δ
13

C and δ
15

N vs. TOC/TN, samples of Zone 560 

III1 fell in the region typical of C3 terrestrial plants and samples of Zone III2 in the 561 

region between C3 plants and freshwater POC/algae.  562 

 563 

5. Discussion 564 

5.1 Sedimentary, morphological and hydrological changes in the East Tiaoxi River 565 

Plain 566 

The dominance of marine diatoms and marine algae/POC contribution for the 567 

TOC in core DTX10 confirms that there was a high salinity estuary (the Palaeo-Taihu 568 

Estuary) in the East Tiaoxi River Plain before ca. 7500 cal. yr BP (Figs 4, 7; Hong, 569 

1991), in response to rapid early to mid-Holocene sea-level rise (Chappell and Polach, 570 

1991; Bard et al., 1996; Bird et al., 2007; Wang et al., 2012). The high sedimentation 571 

accumulation rate up to 2 cm yr
−1

 in core DTX10 during this period signified rapid 572 
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infilling of this estuary. From ca. 7500 cal. yr BP, freshening occurred at site DTX10 573 

indicated by the increase in organic source from freshwater algae/POC (Zone I2-I3 in 574 

Fig. 7). At some time after ca. 7500 cal. yr BP, the area around core DTX10 was 575 

subaerially exposed until ca. 2800 cal. yr BP, inferred from the sedimentation hiatus 576 

and observed pedogenesis (1.0-0.88 m in Fig. 2 and 7). In contrast, the area around 577 

core DTX4 changed from estuary to a low-salinity marsh during ca. 7100-7000 cal. yr 578 

BP, indicated by dominant organic matter changing from marine algae/POC to 579 

freshwater algae/POC and C3 terrestrial plants (Fig. 5). The estuary at 7100 cal. yr BP 580 

was also characterised by low salinity, with the diatom assemblages dominated by 581 

salt-tolerant freshwater group of A. granulata/ambigua, P. brevistriata, S. construens 582 

and its varieties of S. construens f. venter and S. construens f. construens (Fig. 3). 583 

These diatom taxa are often found in isolation basins (e.g. freshwater lakes formed as 584 

sea level falls) (Stabell, 1985), and therefore, their high concentrations indicate that 585 

the site DTX4 was in the stage of isolation from seawater during ca. 7100-7000 cal. yr 586 

BP. Consequently, we infer that the freshening of the East Tiaoxi River Plain likely 587 

started between 7500-7100 cal. yr BP, possibly due to coastal development and 588 

freshwater discharge from the Yangtze River, benefitting from a warmer and, more 589 

importantly, wetter climate during the Holocene Thermal Maximum (Wang et al., 590 

2005). Particularly, A. granulata is often found in rivers/lakes in the flood and delta 591 

plains in eastern China and has been considered as an indicator of freshwater 592 

discharge to estuaries (Chen et al., 2011; Dong et al., 2008; Liu et al., 2012; Wang et 593 

al., 2009). We thus suppose high and constant percentages of A. granulata during 594 

7100-6500 cal. yr BP in core DTX4 implied the strong freshwater influence of 595 

Yangtze River runoff. 596 

At some time after ca. 7000 cal. yr BP, although the marsh was dominated by C3 597 

plants and strongly influenced by the Yangtze freshwater discharge, penetration of salt 598 
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water occurred at core DTX4 as percentages of brackish benthic diatom and influence 599 

from marine POC/algae increased (Zone II2 and II3 in Fig. 5; Fig. 6). During this 600 

period, the infilling of the Palaeo-Taihu Estuary continued, but at a lower SR of 0.48 601 

cm yr
−1

. The return of sea water was likely caused by the sudden sea-level rise at ca. 602 

6.8 ± 0.2
 
ka BP due to the disappearance of the west section of the Laurentide ice 603 

sheet (Blanchon and Shaw, 1995; Carlson et al., 2007). From ca. 6500 to 5600 cal. yr 604 

BP, sea water retreated slowly again and the sedimentary environment transitioned 605 

gradually from salt marsh to freshwater marsh in the area near core DTX4, reflected 606 

by the composition of organic matter over this period (Fig. 5), while site DTX10 was 607 

subaerially exposed (1.0-0.88 m in Fig. 7). Correspondingly, the infilling rate of the 608 

Palaeo-Taihu Estuary fell dramatically, likely signifying a process of shrinking due to 609 

the stable or slightly declining sea level from ~6300 cal. yr BP (Fairbanks, 1989; Bard 610 

et al., 1996; Bird et al., 2007; Wang et al., accepted). After ca. 5600 cal. yr BP, the 611 

East Tiaoxi River Plain transitioned through a range of environments from stable 612 

freshwater marsh (core DTX4) or dry land (core DTX10), characterised by freshwater 613 

benthic diatoms and C3 terrestrial plants respectively (Fig. 3-7). In other words, no sea 614 

water penetration occurred and entirely freshwater environments persisted from ca. 615 

5600 cal. yr BP throughout to the present. In terms of the Palaeo-Taihu Estuary, it 616 

likely shrank dramatically as it was filled up with sediment. 617 

This study also demonstrates that viable and informative diatom counts can be 618 

made using the sodium polytungstate (SPT) density separation technique even on 619 

material which has very low diatom concentrations (here, largely as a result of 620 

dissolution). There is some indication that there is some preferential recovery of 621 

certain taxa (compare adjacent samples using the standard water-bath and SPT 622 

method in core DTX10 in Figure 4, for example for Diploneis smithii in Zone I) but 623 

there is clearly little systematic difference between the two methods, thus confirming 624 
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the utility of the approach in such sediments. Results here support the use of SPT as a 625 

very useful technique which may have wider application in estuarine and marine 626 

sediments, where the option of working on material with well-preserved or abundant 627 

diatoms (or other siliceous remains) may simply not be available, and yet may deliver 628 

much information of great palaeoecological value, even with poorly preserved 629 

assemblages (cf. Ryves et al. 2006, 2009).  630 

5.2 Environmental changes in the whole Taihu Plain 631 

We recognise six stages for the morphological and hydrologic evolution of the 632 

Palaeo-Taihu Estuary according to the multi-proxy analyses in cores DTX4 and 633 

DTX10. Before 7500 cal. yr BP, it was a high salinity estuary; 7500-7100 cal. yr BP, a 634 

low salinity estuary influenced strongly by the Yangtze freshwater discharge; 635 

7100-7000 cal. yr BP, it developed into a low salinity to freshwater marsh; 7000-6500 636 

cal. yr BP, salt water penetrated into the marsh; 6500-5600 cal. yr BP, gradual retreat 637 

of marine influence; and from 5600 cal. yr BP, stable freshwater conditions. A similar 638 

history of hydrologic change can be inferred from the stratigraphic transections across 639 

the Taihu Plain (Fig. 8). 640 
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641 

 642 

 643 

Fig. 8. Stratigraphic transections of collected cores, including section A-A’ (A) and B-B’ (B) 644 

and C-C’ (C). In section A-A’, core 97C is after Ding (2004), core 97A after Zhou and Zheng (2000), 645 

and core DS, JLQ, GT and SL are after Yan and Huang (1987) and Hong (1991), and core XL is after 646 
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Liu et al. (2015). In section B-B’, site LTD is after Li et al. (2008), core W1 after Chang et al. (1994) 647 

and Wang et al. (2001), core E2 after Wang et al. (2001), core YJD and PW after Zong et al. (2011, 648 

2012b) and Innes et al. (2014), core WJB after Qin et al. (2011) and MJB after Long et al. (2014). In 649 

section C-C’, core CXS, CD and TYL are after Zong et al. (2012b), core SQ, TCM and TL after Zong 650 

et al. (2011), core QP after Atahan et al. (2008) and Itzstein-Davey et al. (2007), ZX-1 after Chen et al. 651 

(2005) and Tao et al. (2006) and core GEL after Wang et al. (2012). 0 m is the start depth for each core. 652 

Ages in black are from references for each core and ages in grey black are linearly interpolated based 653 

on “Clam” (Blaauw, 2010). 654 

Estuarine facies dominated before 7500 cal. yr BP in multiple cores including 655 

97C, 97A, DS, JLQ, GT and XL in the palaeo-Taihu Estuary (Fig. 8A; references for 656 

these cores are in Supplementary Table 1), due to rapid sea-level rise in the early 657 

Holocene (Wang et al., 2012). The sedimentary facies then turned into tidal flat in 658 

these cores around 7500 cal. yr BP owing to the infilling of the estuary (Fig. 8A). 659 

Brackish tidal flat conditions also occurred in other cores like ZX-1, GFL and TL in 660 

the east Taihu Plain (Fig. 8C). As the relative sea level reached approximately −6 m at 661 

7500 cal. yr BP (Wang et al., 2012), the late Pleistocene interfluve terrace T1 region 662 

(including around Shanghai City) was a shallow sea environment due to this 663 

transgressive phase (Li et al., 2001; Zong et al., 2004; Wang et al., 2012, 2013). No 664 

sea water penetration occurred throughout the Holocene in the region of the late 665 

Pleistocene interfluve terrace T3 (Fig. 1C) where palaeo-altitude was the highest 666 

during the LGM (as recorded in core E2, YJD, CD, CXS and SQ; Fig. 8B and 8C). 667 

The central Taihu Plain was isolated from western uplands due to sea water 668 

inundation through the Palaeo-Taihu Estuary at ca. 7500 cal. yr BP (Fig. 9A). 669 
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 670 

Fig. 9. Palaeogeographic map for the Taihu Plain before ca. 7500 cal. yr BP (A), during ca. 7500-7000 671 

cal. yr BP (B), during ca. 7000-6500 cal. yr BP (C), and at ca. 5500 cal. yr BP (D). Rivers in (D) are 672 

based on Hong (1991), and the possible formation of Taihu Lake is based on Wang et al. (2001). The 673 

number of Liangzhu (5500-4500 cal. yr BP) cultural sites grew rapidly to 461, while it is only 78 and 674 

93 during the Majiabang (7000-5800 cal. yr BP) and Songze (5800-5500 cal. yr BP) period, 675 

respectively (from Zheng, 2002; Chen, 2002; Xu, 2015).  676 

 677 
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The marine regression at ca. 7500-7000 cal. yr BP recorded in core DTX4 and 678 

DTX10 was also seen in cores in the Palaeo-Taihu Estuary (e.g. cores JLQ, GT and 679 

WJB; Fig. 8A). In the central Taihu Plain, low salinity to freshwater marshes 680 

developed at ca. 7600-7120 cal. yr BP in core WJB (Fig. 8B), indicated by reduced 681 

concentration of marine dinoflagellate cysts and Chenopodiaceae pollen (Qin et al., 682 

2011). Consequently, this sea water regression event promoted the rapid expansion of 683 

low salinity to freshwater marshes, especially in the area of the Palaeo-Taihu valley 684 

(Fig. 9B).  685 

Evidence for sea water penetration after 7000 cal. yr BP was found in several 686 

sediment cores (e.g. PW, WJB, MJB) in the central Taihu Plain (Fig. 8B) in addition 687 

to those in the Palaeo-Taihu Estuary (Fig. 8A). Moreover, this marine transgression 688 

reached areas where no sea water influence was observed in the records before. For 689 

example, the foraminifera Ammonia compressiuscula and Ammonia cff. sobrina, 690 

which prefer brackish tidal flat environments, occurred for the first time in the peat 691 

layer dated at ca. 7000 cal. yr BP at site LTD, located at the head of the Palaeo-Taihu 692 

valley, northwest of the Taihu Plain (Li et al., 2008; Fig. 8B). Marine and brackish 693 

diatom species, marine species of dinoflagellate cysts and foraminifera were only 694 

found at 50-90 cm (dated at ca. 7000 cal. yr BP) in core W1 in the north part of Taihu 695 

Lake (Fig. 8B and 9C; Chang et al., 1994, Wang et al., 2001). Sea water also 696 

inundated the low salinity marsh around core PW in the south east Taihu Plain at 697 

some time after 7200 cal. yr BP (Fig. 8B; Zong et al., 2011; Innes et al., 2014). 698 

Therefore, the transgression between ca. 7000-6500 cal. yr BP influenced a large area, 699 

including the innermost Taihu Plain, through low-lying area such as the Palaeo-Taihu 700 

valley (Fig. 9C). Low salinity marsh then returned from ca. 6200 to 5600 cal. yr BP at 701 

sites LTD, W1, PW and DTX4 (Fig. 8), and thereafter stable freshwater conditions in 702 
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the central Taihu Plain developed completely after ca. 5600 cal. yr BP, likely 703 

indicating the closure of the Palaeo-Taihu Estuary (Fig. 9D).  704 

5.3 Role of hydrological environments on the development of rice farming 705 

Rice growth is susceptible to salinity conditions and demands suitable water 706 

depth, in addition to warm and humid climate (Zeng et al., 2003; Yu et al., 2000; Chen 707 

et al., 2005; Innes et al., 2009, 2014; Patalano et al., 2015). The Taihu Plain was 708 

semi-encircled by sea water before ca. 7500 cal. yr BP (Fig. 9A), corresponding with 709 

no sedentary Neolithic settlements and no remains of rice cultivation (Mo et al., 2011). 710 

Concurrent with withdrawal of sea water and expansion of low salinity and freshwater 711 

marshes between ca. 7500 cal. yr BP and ca. 7000 cal. yr BP, rice cultivation began 712 

(Cao et al., 2006; Fuller et al., 2007; Mo et al., 2011; Zong et al., 2011) and the 713 

Majiabang culture developed in the Taihu Plain, in addition to benefits of heat and 714 

precipitation provided by the optimum climate (Chen et al., 2005; Wang et al., 2005). 715 

However, no rapid advance in rice cultivation or productivity, or in the number of 716 

Neolithic sites, occurred during the late Majiabang and early Songze period. This is 717 

likely due to the lack of adequate freshwater supply, because the central Taihu plain 718 

was isolated from the western uplands by the Taihu-Palaeo Estuary until at around 719 

5600 cal. yr BP (Fig. 9), and hence no river discharge from the western uplands 720 

entered the central Taihu plain. 721 

We further suggest that the freshening of the East Tiaoxi River Plain or the 722 

shrinkage/closure of the Palaeo-Taihu Estuary at ca. 5600 cal. yr BP, was critical for 723 

the rapid expansion of rice agriculture across the whole Taihu Plain during the 724 

Liangzhu period (Fig. 9D), in the context of deteriorating climate conditions 725 

compared with the Majiabang and Songze period (Wang et al., 2005; Innes et al., 726 

2014). Firstly, the shrinkage/closure of the Palaeo-Taihu Estuary, which is supported 727 
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by extensive distribution of Liangzhu cultural sites in the Tiaoxi River Plain (Zheng, 728 

2002), prevented the intrusion of sea water from Hangzhou Bay into the Taihu Plain, 729 

allowing freshwater conditions, particularly in the southern and western parts. 730 

Secondly, it restricted the discharge of freshwater from the western uplands (e.g. the 731 

west Tiaoxi river) into the Hangzhou Bay, and instead, forced this freshwater to flow 732 

eastwards, likely forming three previously existing rivers: the Loujiang River, the 733 

Wusongjiang River and the Dongjiang River (Fig. 9D; Hong, 1991). This increasing 734 

density of the river network would provide an increasing area of freshwater wetlands 735 

available to be transformed into rice paddies and greater quantity of fresh water for 736 

the east Taihu Plain. This conjecture is supported by the fact that the area of rice 737 

paddy fields excavated in several archeological sites recently was several times larger 738 

during the Liangzhu period than during the Majiabang and Songze period, and were 739 

connected to natural and artificial creeks, instead of wells and ponds, which had 740 

stronger capability of water storage (Cao et al., 2007; Hu et al., 2013; Zheng et al., 741 

2014；Zhuang et al., 2014). Thirdly, new or enlarged freshwater marsh environments 742 

of the East Tiaoxi River Plain would have supplied additional freshwater wetland 743 

resources. Lastly, water level rise, in response to sea-level rise after the Taihu Plain 744 

was separated from the Hangzhou Bay and the East China Sea, would also encourage 745 

formation of freshwater wetlands (Hong, 1991; Chen et al., 1997). All these 746 

advantages together would have increased opportunity for domesticated rice 747 

cultivation in the whole Taihu Plain and rice productivity, supporting the continuous 748 

and dramatic advancement of the Liangzhu culture.   749 

We also speculate that the terrestrialisation and freshening of the East Tiaoxi 750 

River Plain may have facilitated communication between the north and east Taihu 751 

Plain, with the capital city of Liangzhu at Mojiaoshan, southwest of Taihu Plain (Fig. 752 

9D) and even with areas south of Hangzhou Bay (Chen, 2015; Xu, 2015), given the 753 

https://www.baidu.com/link?url=nXbHrbYaMs5Cmlc751b6gdBeszByajzzfduwR_kQKPZ74YGAIuG0R2NnmaGLUBJhTY0c_BOLLnXmvxmEDBdc2FakapFQaqyTDl-Im2_WmqB0vtQ5anA_EDbyIV9EGXk7&wd=&eqid=df860ea3000079cd0000000359dc2f65
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barrier that the Palaeo-Taihu Estuary would have represented. Such easier 754 

communication would support the development and flourishing of the Liangzhu 755 

capital city. In return, the capital city would be act as a hub for advanced technology 756 

and cultural innovation, promoting the further expansion of rice farming and cultural 757 

development in the region over the Liangzhu period.   758 

  759 

6. Conclusions 760 

A multiproxy sedimentological analysis combining chronological, lithological, 761 

geochemical and biological analyses of two sediment cores (DTX4 and DTX10) 762 

collected from the East Tiaoxi River Plain, southern Yangtze delta Plain, have shed 763 

light on changes in landscape and hydrology in this region over the last 7500 years. 764 

Before ca. 7500 cal. yr BP, the Palaeo-Taihu Estuary existed along the present day 765 

East Tiaoxi River Plain. It infilled rapidly by ca. 7500 cal. yr BP and was 766 

characterised by low salinity conditions, because of the large supply of freshwater 767 

from the Yangtze. Sea water, however, again penetrated the East Tiaoxi River Plain 768 

after ca. 7000 cal. yr BP due to an abrupt sea-level rise, and a salt marsh environment 769 

developed. This transgression was also recorded in other parts of the Taihu Plain 770 

where no sea water influence occurred before, hence, it was possibly the largest 771 

sea-level transgression during the Holocene, based on the synthesis of a large number 772 

of hydrological and environmental records from the region. After ca. 6500 cal. yr BP, 773 

sea-water penetration gradually declined and infilling rate of the Palaeo-Taihu Estuary 774 

fell owing to slowing sea-level rise. The dramatic shrinkage/closure of the 775 

Palaeo-Taihu Estuary occurred after ca. 5600 cal. yr BP, corresponding to the 776 

formation of stable freshwater marsh (or subaerial land) conditions in the East Tiaoxi 777 

River Plain. 778 
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Geomorphological and hydrological changes in the East Tiaoxi River Plain 779 

played an important role in the rise of rice cultivation and development of Neolithic 780 

cultures across the Taihu Plain. Especially, the freshening of the East Tiaoxi River 781 

Plain or its terrestrialisation after ca. 5600 cal. yr BP, was likely one critical 782 

precondition encouraging rapid increase of rice productivity (and so cultural 783 

development) during the Liangzhu period.  784 
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 1 

Supplementary Table 1  2 

Dating results for collected cores from previous studies 3 

Core 

name 

Location Depth (m) Dating 

material 

Conventional 

age (yr BP) 

Calibrated 

age (2 δ, cal. 

yr BP) 

Reference 

       

97A / 2.1 Peat / 2305-2000 (1 

δ ) 

Zhou and 

Zheng, 2000 

  4.11 Plant 

fragment 

/ 7660-75809 (1 

δ ) 

 

  5.78 Plant 

fragment 

/ 7630-7580 (1 

δ ) 

 

  10.2 Shell / 8330-8220 (1 

δ ) 

 

  13.8 Plant 

fragment 

/ 8425-8365 (1 

δ ) 

 

JLQ / 2.5 Bulk 

organic 

4975 ± 70 5597-5797 Hong, 1991; 

Zong et al., 

2011 

  11.2 Bulk 

organic 

7400 ± 80 8039-8372  

DS, 

SL, GT 

/ / / / / Hong, 1991; 
Yan and 

Huang, 1987 

XL 30°24'05'' N, 

120°01'38'' E 

4.87 Wood 3940 ± 40 4420-4220 Liu et al., 

2015 

  5.9 Seed 5700 ± 40 7580-7440  

  7.6 Plant 

material 

6420 ± 40 7560-7530  

LTD 31°21' N, 

12119°42' E 

2.16 Mud 5281 ± 175 6400-5660 Li et al., 

2008  

  2.45 Peat 5464 ± 165 6570-5910  

  2.64 Peat 6016 ± 200 7310-6410  

 

 

 2.88 Peat 8036 ± 190 9430-8510  

 

W1 / 0.3 Pollen 5020 ± 75 5638-5910 Chang et al., 

1994; Wang 

et al., 2001 

  0.60-0.70 Mud 6145 ± 370 6206-7703  



  1.60-1.70 Mud 8575 ± 410 8544-10593  

E2 / 0.2 Mud 2575 ± 110 2354-2868 Chang et al., 

1994; Wang 

et al., 2001 

  0.32 Mud 4765 ± 70 5433-5607  

  0.45 Mud 5495 ± 75 6175-6448  

  1.14-1.25 Mud 5970 ± 170 6441-7184  

  2.26 Mud 6575 ± 75 7410-7585  

YJD 30°59'45'' N, 

120°35'31'' E 

0.7-0.72 Pollen 

residue 

3570 ± 40 3816-3977 Zong et al., 

2012b 

  1.0-1.02 Pollen 

residue 

5600 ± 40 6299-6453  

PW 30°57'30'' N, 

120°38'25'' E 

1.59-1.61 Pollen 

residue 

2700 ± 40 2750-2868 Innes et al., 

2014 

  1.85-1.87 Pollen 

residue 

4430 ± 40 4871-5075  

  2.25-2.27 Pollen 

residue 

4720 ± 40 5323-5417  

  3.75-3.77 Peat 6290 ± 50 7153-7320  

WJB 30°49'04'' N, 

120°36'56'' E 

3.5-3.52 Charcoal 6410 ± 60 7245-7434 Qin et al., 

2011 

  3.5-3.52 Pollen 

residue 

6250 ± 70 6970-7315  

  3.74-3.76 Peat 6600 ± 50 7431-7569  

  3.74-3.76 Peat 6630 ± 60 7429-7590  

  6-6.02 Clay 7350 ± 60 8024-8318  



ZX-1 / 1.1 Organic-

rich mud 

2580 ± 60 2462-2794 Chen et al., 

2005; Tao et 

al., 2006 

  4.5 Shell 4160 ± 40 3875-4221  

  8.8 Organic-

rich mud 

6850 ± 80 7570-7853  

CXS 31°22'44'' N, 

120°47'30'' E 

0.5-0.52 Pollen 

residue 

2960 ± 40 2985-3234 Zong et al., 

2012b 

  0.72-0.74 Pollen 

residue 

4190 ± 40 4609-4768  

CD 31°24'16'' N, 

120°50'37'' E 

0.9-0.92 Pollen 

residue 

2000 ± 40 1867-2060 Zong et al., 

2012b 

  1.2-1.22 Plant 

fragment 

3160 ± 40 3324-3459  

SQ 31°11'50'' N, 

121°06'25'' E 

0.75-0.77 Pollen 

residue 

5410 ± 40 6175-6296 Zong et al., 

2011 

  1.40-1.42 Pollen 

residue 

7310 ± 50 8005-8204  

QP 31°07'44'' N, 

120°54'39'' E 

0.62-0.64 Pollen 

residue 

1827 ± 35 1695-1865 Atahan et 

al., 2008; 

Itzstein-

Davey et al., 

2007 

  1.20-1.22 Pollen 

residue 

2152 ± 35 2038-2185  

  1.82-1.84 Pollen 

residue 

2386 ± 35 2342-2493  

  2.10-2.12 Pollen 

residue 

3853 ± 40 4215-4409  

  2.38-2.40 Pollen 

residue 

5780 ± 30 6498-6656  

  2.42-2.44 Pollen 

residue 

5600 ± 40 6299-6453  

  2.5-2.52 Pollen 

residue 

5114 ± 35 5749-5830  

  2.58-2.60 Pollen 

residue 

4920 ± 35 5594-5718  
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