
Impacts of the Wetland Environment
on Demographic Development During
the Neolithic in the Lower Yangtze
Region—Based on Peat and
Archaeological Dates
Konglan Shao1,2, Jianping Zhang1,3*, Keyang He1, Can Wang4 and Houyuan Lu1,2,3

1Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China, 2University of Chinese Academy of Sciences, Beijing, China, 3Innovation Academy for Earth Science, Chinese
Academy of Sciences, Beijing, China, 4Department of Archaeology, School of History and Culture, Shandong University, Jinan,
China

Wetlands were important resources for the hunting–gathering and early farming
communities in coastal areas in the Neolithic. However, the relationship between the
development of the wetland environment and the human population remains unclear due
to the lack of successive wetland environmental changes throughout the Holocene in
coastal areas. Here, the summed probability distributions (SPD) of radiocarbon dates of
peat were used as an indicator and combined with archaeological radiocarbon dates to
reconstruct the wetland environmental and demographic changes during the Neolithic in
the lower Yangtze region. The results showed that the shifts in demographic centers and
population development were related to wetland environment with peat formation. The first
shift of the demographic center was from the hilly regions to the coastal plain and occurred
during ca. 8,300–8,000 cal yr BP, which might be caused by the attractiveness of survival
resources offered by the coastal wetland environment and the 8.2 ka event. The second
shift occurred from the Ningshao Plain to the Taihu region and might be attributed to the
widespread waterlogged environment in the Ningshao Plain. The peak of demographic
development coincided with the peak of peat formation during the middle Holocene in the
lower Yangtze region, indicating that the wetland environment facilitated changes in human
societies. The formation of peat might be related to the sea-level and El Niño-Southern
Oscillation events; however, further studies are required for deep comprehension. The
present study is an attempt at identifying the past impacts of the wetland environment on
demographic development and can form the basis for a more comprehensive
understanding of the interactions between the humans and their living environment.
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INTRODUCTION

The lower Yangtze region is characterized as one of the flourish
Neolithic cultural centers and early agricultural centers (Jiang and Liu,
2006; Liu et al., 2017; Zuo et al., 2017). Since ancient times, the region
is strongly influenced by environmental changes such as climate
changes, extreme climate events, and sea-level fluctuations (Innes
et al., 2014; Patalano et al., 2015; He et al., 2018; Yang et al., 2020) as it
is located in the boundary between the sea and the land. Studies on
largescale environmental changes and human society developments
aid the understanding of general rules about the evolution of human
society through environmental changes. In addition, for specific sites,
studying regional characteristic environmental changes and regional
settlement shifts is also fundamental for comprehending
human–climate–ecosystem interactions.

Wetlands are vital ecosystems in coastal areas, especially for
prehistoric people, as they are valuable sources of food, and
provide suitable conditions for farming (Ma et al., 2020; Zhang
et al., 2020). Indeed, previous studies indicate that wetland
environment attracted Neolithic people (Chen et al., 2008; Zong
et al., 2011); however, the exact relationship between the evolution
of the wetland environment and human activities remains unclear due
to the lack of successive wetland environment reconstruction during
the Holocene. In coastal areas, peat has been used as indicators of sea-
level or floods in previous studies (Zhao et al., 1979; Törnqvist et al.,
2004; Zhang et al., 2004; Zong, 2004; Zhang et al., 2005; Zhan and
Wang, 2014; Brain et al., 2017; Hijma and Cohen, 2019). However,
peat is one of wetlands products that is formed in flat terrain and
relatively calm water environment (Chai, 1990; Lang et al., 1999;
Mitsch and Gosselink, 2015). Furthermore, the exact time of peat
formation can be directly dated as the primary organic element
sources from in situ plant materials (Chai, 1990; Brain et al.,
2017). The direct peat dating can refrain the anomalous
radiocarbon dates caused by reworked sediments, which is a
prevalent problem in the lower Yangtze region (Stanley and Chen,
2000; Li et al., 2014; Long et al., 2016).

In recent years, the summed probability distributions (SPD) of
archaeological radiocarbon dates have been widely used to explore
demographic changes (Shennan et al., 2013; Wang et al., 2014a;
Goldberg et al., 2016; Bevan et al., 2017; Xu et al., 2019; Dong et al.,
2020). In fact, not only the archaeological radiocarbon dates can
reflect human population evolution, but also the temporal
radiocarbon frequency distributions of environmental indicators
are meaningful for environmental changes (Michczyńska et al.,
2007; Wang et al., 2014b; Guo et al., 2018). Like the basis for SPD
of archaeological radiocarbon dates to reflect the demographic
changes, the high frequency of the environmental indicators
always means good development and widespread of the
corresponding environment. In previous studies, high probability
distributions of radiocarbon dates of peat were used to indicate
humid and moderate climate or the coaction of climate and sea-
level changes (Michczyńska and Pazdur, 2004; Michczyńska et al.,
2007; Dommain et al., 2011), whereas high SPD of peat directly
indicates the large and contemporary formation of the corresponding
wetland environment.

Here, we first attempt at using SPD of radiocarbon dates of peat to
reconstruct successive wetland environmental changes and compare

them with the demographic changes reflected by the SPD of
archaeological radiocarbon dates to discuss the impacts of the
regional wetland environmental changes on the development of
the Neolithic human population in the lower Yangtze region.
Further, we speculate the possible environmental backgrounds of
peat formation to increase the predictability of coastal environment.
The results provide a regional perspective on human-environment
interactions that contribute to a deeper comprehension of human
adaption to the environment, which may help generate sustainable
human strategies pertaining to human development in the future.

NEOLITHIC ARCHEOLOGICAL
BACKGROUND

The lower Yangtze region is one of the Chinese Neolithic cultural
communities and an important origin center of Chinese
civilization (Su and Yin, 1981; Yan, 1987). Shangshan Culture
(11,000–8,500 years BP) is the earliest Neolithic culture in the
lower Yangtze region, which is distributed primarily in the Jinqu
Basin. Most sites of Shangshan Culture are in the center of the
basin, close to the tributaries and before the hills, facilitating
hunting and gathering in the region (Xu et al., 2016; Xu et al.,
2020). Kuahuqiao Culture (8,300–7,200 years BP) is distributed
primarily on the Qiantang River, which is the transition culture
from mountain culture to river mouth culture (Jiang, 2014). The
core area of Hemudu Culture (7,000–5,000 years BP) is the
Ningshao Plain, a low-lying coastal plain. Research indicates
that the Hemudu Culture is in the early period of rice
cultivation, although the gathering and hunting economy still
have their place (Fuller et al., 2009; Center for the Study of
Chinese Archaeology, Peking University and Zhejiang Province
Institute of Relics Archaeology, 2011). Majiabang Culture
(7,000–5,800 years BP), Songze Culture (5,800–5,300 years BP),
Liangzhu Culture (5,300–4,300 years BP), and Qianshanyang-
Guangfulin Culture (4,300–3,900 years BP) are primarily
distributed in the Taihu region, a coastal plain in the north of
the Qiantang River (Institute of Archaeology, China Academy of
Social Sciences, 2010; Cultural Relics and Archaeology Institute of
Zhejiang Province, Huzhou Museum, 2014; Shanghai Museum,
2014; Zhejiang Provincial Institute of Cultural Relics and
Archaeology, 2019) (Figure 1).

MATERIALS AND METHODS

We reviewed 647 published radiocarbon dates (including 68
archaeological sites) of the Neolithic archaeological culture in
the lower Yangtze region, spanning ca. 10,000–2,000 years BP
(Supplementary Table S1). Data selection and processing were
performed according to Wang et al. (2014a) as follows: (1)
Screening the uncalibrated 14C dates: sixty archaeological dates
were rejected according to the selection criteria. (2) Combining
redundant dates: the R_Combine command within OxCal 4.4 was
used for combining the dates (Supplementary Table S2). (3) SPD
calculation: we calculated SPD with the CALIB 8.1 program
(Stuiver and Reimer, 1993) and the IntCal20 calibration curve
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(Reimer et al., 2020). (4) Taphonomic bias correction. (5) Data
standardization. To investigate the temporal and spatial
distribution of Neolithic demographic changes in the lower
Yangtze region, we divided the lower Yangtze region into
three subregions: Jinqu Basin, Ningshao Plain, and Taihu
region (Figure 1). According to the distribution of the
archaeological culture and sites, archaeological sites belonging
to Shangshan Culture were placed into the Jinqu Basin category.
The rest of the archaeological sites were categorized according to
their relative position with respect to the Qiantang River;
archaeological sites that were located south of the Qiantang
River were placed into the Ningshao Plain category and those
north of the Qiantang River were placed into the Taihu region
category (including sites belonging to the Subei Plain).
Thereafter, the SPD of each lower Yangtze region subdivision
was calculated. The altitude of each archaeological site was
extracted from 30 m Global Digital Elevation Model (GDEM)
Version 2 (Supplementary Table S2) (http://www.gscloud.cn).
The mean centers of archaeological dates per 1,000 years were
calculated by the “Mean Center” tool in ArcGIS.

A total of 103 published radiocarbon dates of peat (including
60 peat sites) were reviewed for the lower Yangtze region,
spanning the entire Holocene (Supplementary Table S3).
Data selection and processing were as follows: 1) Screening
the uncalibrated 14C dates: we eliminated the dates with high
error bars (1σ standard deviation > 400 14C yr) and reverse dates
and reserved only one date if many dates were available from the
same depth of the same core or profile. According to the selection

criteria, eight peat dates were rejected. 2) SPD calculation: we
calculated SPD with the CALIB 8.1 program (Stuiver and Reimer,
1993) and the IntCal20 calibration curve (Reimer et al., 2020). 3)
Data standardization. We divided the peat radiocarbon data into
the aforementioned geographical areas; however, we excluded the
Jinqu Basin because only little data from the mountain area were
reported (Figure 1). Thereafter, the SPD of each lower Yangtze
region subdivision was calculated. The altitude of peat was
collected from the published data (Supplementary Table S3).
The mean centers of radiocarbon dates of peat per 1,000 years
were calculated by the “Mean Center” tool in ArcGIS.

RESULTS

Temporal and Spatial Distribution of the
Radiocarbon Dates of Archaeological Sites
and Peat
During the Neolithic, the mean centers of the archeological
radiocarbon dates shifted from the mountain area to the coastal
plain area and from the middle of the Ningshao Plain and the
Taihu region to the Taihu region. Overall, the mean centers of
peat shifted southward during the Holocene, although they
shifted back and forth between the Taihu region and the
Ningshao Plain after 7,000 cal yr BP (Figure 2). From ca.
11,000 to 6,000 cal yr BP, the radiocarbon dates of
archeological sites and peat tended to be distributed closely

FIGURE 1 | Temporal and spatial distribution of Neolithic culture, archaeological sites, and peat in the lower Yangtze region. (A) Main cultures in the Jinqu Basin,
Ningshao Plain, and Taihu region. (B) Distribution of radiocarbon dates of archaeological sites and peat. Black arrows indicate the locations of the regions on the map.
Digital elevation model (DEM) data are provided by the Geospatial Data Cloud site, Computer Network Information Center, and Chinese Academy of Sciences (http://
www.gscloud.cn).

Frontiers in Earth Science | www.frontiersin.org March 2021 | Volume 9 | Article 6356403

Shao et al. Wetland Environment and Demographic Development

http://www.gscloud.cn/
http://www.gscloud.cn/
http://www.gscloud.cn/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


and were observed to be further apart from ca. 6,000 to
3,000 cal yr BP according to distribution of sites and mean
centers; meanwhile, their altitudes were gradually close to each
other (Figures 2, 3).

Summed Probability Distributions of the
Archaeological Radiocarbon Dates
Figure 4 shows the SPD curves of archaeological radiocarbon
dates for the lower Yangtze region. The overall curve gradually
increased from ca. 11,000 to ca. 5,000 cal yr BP, although there
were small fluctuations in this period. During ca.
5,000–4,700 cal yr BP, the curve sharply increased initially
followed by a sharp decrease. After ca. 4,700 cal yr BP, the
curve tended to decrease. For the SPD of the archaeological
radiocarbon dates, the peak periods of the subregions in the
lower Yangtze region differed. The peak periods of the Jinqu
Basin, Ningshao Plain, and Taihu region were ca.
9,200–8,300 cal yr BP, ca. 7,900–5,000 cal yr BP, and ca.
5,000–4,400 cal yr BP, respectively. The core areas of the
Neolithic population shifted from the Jinqu Basin to the
Ningshao Plain and then to the Taihu region at ca.
8,300–8,000 cal yr BP and 5,200–4,900 cal yr BP, respectively.

Summed Probability Distributions of the
Radiocarbon Dates of Peat
The SPD curves of peat through the Holocene in the lower
Yangtze region were constructed, and these showed a
fluctuating trend. The more developed periods of peat
formation were ca. 9,100–8,000 cal yr BP, ca. 7,600–6,200 cal yr
BP, ca. 5,700–5,300 cal yr BP, ca. 5,000–4,400 cal yr BP, ca.
3,500–2,700 cal yr BP, and ca. 1,700–800 cal yr BP (Figure 5).

DISCUSSION

What Do the Summed Probability
Distributions of Peat Mean in This Study
Peat is one of several wetland products (Chai, 1990; Lang et al.,
1999; Mitsch and Gosselink, 2015). Necessary conditions for peat
formation include the presence of organic matter and a relatively
long-term and calm waterlogged environment. This means that
the high SPD of peat in the lower Yangtze region indicates a
widespread wetland environment characterized by abundant
plant growth and relatively stable and excess water table. This
type of wetland environment can provide abundant resources and
suitable conditions for farming around this area. Whereas the
mean centers are different from SPD, as mean centers identify the
geographic centers of archaeological or peat dates distribution,
calculated as the average x and y geographical coordinates of dates
per 1,000 years (Scott and Janikas, 2010).

Impacts of Wetland Environment on
Demographic Development
As indicated by previous studies, the resources and environmental
characteristics of wetland environment made it attractive for ancient
people (Chen et al., 2008; Zong et al., 2011; Beach et al., 2019). In this

FIGURE 2 | Mean centers of radiocarbon dates of archaeological sites
and peat per 1,000 years. Numbers in the circles indicate the upper time limits
per 1,000 years of mean centers; e.g., 11 suggests 12,000–11,000 cal yr BP.
Arrows indicate the shift directions of the mean centers. DEM data are
provided by the Geospatial Data Cloud site, Computer Network Information
Center, and Chinese Academy of Sciences (http://www.gscloud.cn).

FIGURE 3 | Average altitude per 1,000 years of radiocarbon dates of the
archaeological sites and peat.
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study, the mean altitude of archaeological dates sharply decreased
after 8,000 cal yr BP (Figure 3), and the SPD of archaeological dates
also revealed that the first transition of core areas of demographic
distribution, from the hilly regions to the coastal areas, occurred at ca.
8,300–8,000 cal yr BP, when peat was widespread in the coastal areas
(Figure 6). This suggested that the wetland environment might be
responsible for this transition. Meanwhile, the 8.2 ka event might be
another reason for the transition. Previous investigations reported

that the 8.2 ka cold event led to the migration or collapse of human
population (González-Sampériz et al., 2009; Wicks and Mithen,
2014). In the lower Yangtze region, paleobotany evidences
indicated the cold and dry conditions around 8.2 ka (Song et al.,
2017; Zuo et al., 2020). Thus, the reduced resources caused by
vegetation changes in the hilly regions and the attractive coastal
marshes might have caused the transition of the core areas of
population in the lower Yangtze region.

FIGURE 4 | Summed probability distributions (SPD) of the archaeological radiocarbon dates in the lower Yangtze region. (A) Taihu region. (B) Ningshao Plain. (C)
Jinqu Basin. (D) Lower Yangtze region. Dotted curves show the SPD results and solid lines show the 200-point-smoothing of the SPD results. Blue bands show the shift
periods of core areas of population.

FIGURE 5 | Summed probability distributions (SPD) of radiocarbon dates of peat in the lower Yangtze region. (A) Taihu region. (B) Ningshao Plain. (C) Lower
Yangtze region. Dotted curves show the SPD results and solid lines show the 200-point-smoothing of the SPD results.
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This type of wetland environment was not just attractive for
ancient people, and it facilitated demographic development. Results
of this study revealed that there were three periods of high SPD of
peat dates during the middle Holocene, in the lower Yangtze region,
ca. 7,600–6,200 cal yr BP, ca. 5,700–5,300 cal yr BP, and ca.
5,000–4,400 cal yr BP; these coincided with the flourishing of the
Hemudu Culture and the Liangzhu Culture (Figure 6). Previous
research in this area demonstrated that wetland food resources such
asTypha,Euryale, andTrapawere a part of the diet of Kuahuqiao and
Hemudu people (Zong et al., 2007; Fuller et al., 2009; Fuller and Qin,
2010; Zhang et al., 2020). The wetland environment was also suitable
for rice farming (Chen et al., 2008; Zong et al., 2012; Ma et al., 2020).
Hence, the formation and the reasonable resource utilization of the
wetland environment might be the reason for the demographic
development in the lower Yangtze region.

However, because of the long-termwaterlogged conditions required
for peat formation, such an area cannot be settled directly; this was
reflected by the findings that the SPD peaks of human population and
peat did not overlap in the same region and the mean centers of
archaeological dates and peat dates finally kept apart in the lower
Yangtze region (Figures 2, 7). Furthermore, when the peat layer
overlapped with or was overlying on the cultural layer, that
indicated the collapse of the culture in the sites area (Zheng et al.,
2012; He et al., 2018). Meanwhile, the sudden appearance of the
extensive waterlogged environment was indicative of the previous
extreme climate events, such as floods and storms. Thus, the
widespread waterlogged environment and previous extreme climate
events reflected by the peak of SPD of radiocarbon dates of peat in the

Ningshao Plain at ca. 6,600–6,200 cal yr BPmight be the reason for the
ubiquitous cultural interruption of Hemudu culture (He et al., 2018;
Tang et al., 2019), and the high SPDof peat at ca. 5,000–4,400 cal yr BP
may explain the decreasing population in this area (Figure 7).

Possible Environmental Backgrounds for
Peat Formation in the Lower Yangtze
Region
The reasons for peat formation were complex and included
climatological, geological, and hydrological factors (Chai, 1990;
Lang et al., 1999; Mitsch and Gosselink, 2015). In the lower
Yangtze region, peat was used to reconstruct Holocene sea-level
changes or floods (Zhao et al., 1979; Zhang et al., 2004; Zong, 2004;
Zhang et al., 2005; Zhan and Wang, 2014). The altitudes of peat
nearly fit the curve of sea-level changes in this study (Figure 8A).
Additionally, through the comparison with El Niño-Southern
Oscillation (ENSO) frequency (Moy et al., 2002), the results
showed that the widening of the spread of peat coincided with
the high frequency of ENSO events during the period of relatively
stable sea-level (Figures 8B,C). A previous study by Jiang et al. (2006)
indicated that high frequency of ENSO events was correlated with
abundant precipitation in the middle and lower Yangtze region. The
rising sea-level or the abundant precipitation contributed to saltwater
intrusion or an increase in the relative water level in the low-lying
plain, which raised the groundwater level and led to inundation
(Alizadeh et al., 2015; Becker et al., 2020). Thus, the abundance of
water might promote peat formation in the lower Yangtze region.

FIGURE 6 | Comparison between the SPD of radiocarbon dates of archaeological sites and peat. (A) SPD of archaeological radiocarbon dates in the Taihu region.
(B) SPD of archaeological radiocarbon dates in the Ningshao Plain. (C) SPD of archaeological radiocarbon dates in the Jinqu Basin. (D) SPD of radiocarbon dates of peat
in the lower Yangtze region. (E) SPD of archaeological radiocarbon dates in the lower Yangtze region. All these are 200-point-smoothing results. Orange bands show the
peak periods of radiocarbon dates of archaeological sites and peat.
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Higher precipitation caused by frequent ENSO events or
rising sea-level were viewed as disasters for prehistoric coastal
people. However, studies indicated ancient people could also
benefit from El Niño floodwaters by converting them into
productive water for agriculture (Caramanica et al., 2020). In
addition, the increased sediment supply during the period of
high sea-level resulted in the acceleration of coastal
progradation and formation of livable flatlands (Ma et al.,
2020). As in the lower Yangtze region, ENSO events or sea-
level rising might facilitate human societies by promoting the
formation of wetlands. As the data in this study are limited,
more studies are required for a better understanding of coastal

wetland environment and its relationship with human
societies and climate changes.

CONCLUSION

This study was the first attempt to use peat as an indicator of the
wetland environment in the lower Yangtze region, with the
reconstruction of demographic development via archaeological
radiocarbon dates. The data were used to investigate the impacts
of wetland environment on Neolithic demographic evolution. The
demographic centers of the lower Yangtze region transitioned from

FIGURE 7 | Comparison between the SPD of radiocarbon dates of archaeological sites and peat in the Ningshao Plain and the Taihu region. (A) Taihu region. (B)
Ningshao Plain. All these are 200-point-smoothing results. Red arrow indicates the shift of demographic centers.

FIGURE 8 | Environment backgrounds of peat formation. (A) Sea-level curves of east China (Zhao et al., 1979; Zong, 2004; Xiong et al., 2020) and altitude of peat in
this study. (B) El Niño-Southern Oscillation (ENSO) events per 100 years (Moy et al., 2002). (C) SPD of radiocarbon dates of peat in the lower Yangtze region (200-point-
smoothing result).
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the hilly regions to the coastal plain at ca. 8,300–8,000 cal yr BP,
which was likely influenced by the 8.2 ka event and the attraction of
the wetland environment. Peat formation coincided with the
development of the population during the middle Holocene in the
lower Yangtze region, indicating that the wetland environment
facilitated Neolithic demographic development. However, due to
the long-term waterlogged environment requirement for peat
formation, the region with widespread peat formation could not
be settled directly. The widespread peat in the Ningshao Plain during
ca. 5,000–4,400 cal yr BPmight be the reason for the transition of the
core area of the population.
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