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Abstract: Obvious spatial expansion of human settlement occurred in the lower Yellow River flood-
plain during the Longshan period, but the external factors driving this expansion remain unclear. In
this study, we first delineated the hydroclimatic changes at both regional and local scales within and
around the lower Yellow River floodplain and then examined the relationships of human settlements
with hydroclimatic settings between the pre-Longshan and Longshan periods. The results indicate
that the site distribution, site density and hydroclimatic conditions exhibited significant shifts during
the pre-Longshan and Longshan periods. In the pre-Longshan period, the intense East Asian summer
monsoon and abundant monsoon-related precipitation caused widespread development of lakes
and marshes in the lower Yellow River floodplain. As a result, the circumjacent highlands of the
lower Yellow River floodplain contained concentrated human settlements. However, the persistent
weakening of the East Asian summer monsoon and consequent precipitation decline, in conjunction
with accelerated soil erosion due to decreasing forest vegetation and strengthening of human activi-
ties on the upstream Loess Plateau in the Longshan period, are likely to have jointly caused both
shrinking and faster filling of preexisting lakes and marshes. Subsequently, a large area of arable
land had been created in the lower Yellow River floodplain and thus was occupied by locally rapid
increasing population, resulting in the notable spatial expansion of human settlements during the
Longshan period.

Keywords: human settlement; spatial expansion; hydroclimatic contexts; population growth; the
Longshan period; the lower Yellow River floodplain

1. Introduction

Human history can be understood as the history of complicated interactions between
human activities and their surroundings [1–6]. These interactions have been intensively
discussed worldwide in the past three decades [3–26]. Abrupt climate changes and associ-
ated dramatic environmental changes have been repeatedly suggested to be driving factors
behind the rises and falls of prehistoric and historic cultures [3–6,15–26]. For example, the
collapses of many agriculture-based cultures across the Northern Hemisphere at ~4000 a
BP, such as the Mesopotamian [21,22], ancient Egyptian [23,24] and ancient Indian [25,26]
cultures, have been attributed to abrupt climatic event occurring at ~4000 a BP. As one
of the four major centers of ancient civilization, China’s archaeological history has also
experienced the vicissitudes of prehistoric societies [6,27–29]. Abrupt climatic changes and
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subsequent dramatic environmental changes have also been regarded as important external
influencing factors [19,20,27–30]. It is apparent that many late Neolithic or Chalcolithic
cultures across China also collapsed at ~4000 a BP, and the almost contemporaneous abrupt
climatic event and associated hydrological changes could be responsible [19,20,30–38].
However, there are many studies attempting to link archaeological phenomena (i.e., cul-
tural decline or transformation) to abrupt environmental changes, whereas relatively few
studies have focused on investigating the impacts of long-term environmental evolution
on the development of past human societies [6–8,19–26,30,35,36,38–41].

The crucial time of the Longshan period from ~4.5 to ~3.9 ka BP represents the ini-
tiation of state formation in China [27,28,42]. Several cultural traits marking a new stage
of social development have been archaeologically confirmed in the middle and lower
Yellow River reaches during the Longshan period, such as bronze smelting and widespread
town-wall building [28,42]. In particular, there was an obvious spatial expansion of human
settlement during the Longshan period in the lower Yellow River floodplain, as noticed by
previous studies [27,43,44]. All of these considered variations in physical environment to
be important external driving factors; however, there are apparent diverging opinions on
the specific natural factor(s). Mainly based on early archaeological discoveries, Wang [43]
speculated that the southward migration of the Yellow River channel during the Longshan
period created a large area of arable land in the lower Yellow River floodplain for human
habitation. However, other studies [27,44] argued that the reduction in the size of preexist-
ing lakes and marshes due to the long-lasting increasingly drying climate was responsible.
Nonetheless, their inference bases were either from low-resolution proxy sequences with
poor chronologic constraints [45] or from unconfirmed historical documents [46]. Further-
more, when these environmental changes occurred, different prehistoric societies were
likely to have adopted different coping strategies as responses, which subsequently influ-
enced social development [1–6,29]. Consequently, it is necessary to further discuss this issue
to understand the patterns and mechanisms of human–environment interactions during
this time interval in the lower Yellow River floodplain. Additionally, considerable advances
in research on the spatial–temporal patterns of Holocene paleoenvironmental changes
(especially high-resolution proxy sequences of paleoclimate) [29,47–63] and past human
activities (i.e., human subsistence strategies and demographic fluctuations) [29,64–74] in
the lower Yellow River floodplain and the surrounding areas have been made over the past
two decades. This provides a good opportunity for exploring the specific background for
the abovementioned remarkable change in the spatial distribution of human settlement in
the lower Yellow River floodplain during the Longshan period.

In this study, we first analyzed the changes in human settlement distribution patterns
between the timespan of the immediate pre-Longshan period and the timespan of the Long-
shan period. Then, based on the compilation of high-resolution paleoclimatic sequences in
the lower Yellow River floodplain and the surrounding areas, we attempted to delineate
the hydroclimatic history of the pre-Longshan and Longshan periods for the study area at
the regional scale and subsequently test the reliability of regional hydroclimatic delineation
from four local paleoenvironmental records. Finally, in conjunction with local human
activities, we examined the temporal and spatial differences in the relationships between
the human settlements and the hydroclimatic settings.

2. Study Area

The lower Yellow River floodplain (32◦ N–42◦ N, 112◦ E–122◦ E) is a sedimentary
complex mainly composed of enormous deposits from the Yellow River and its tributaries
within a Cenozoic saucer-shaped basin [75–77]. When the Yellow River enters the lower
reaches carrying large quantities of silt eroded from the upstream Loess Plateau (Figure 1a),
the transport capacity of the river decreases below the point where the heavy sediment
load can remain in suspension, not only causing continuous and rapid aggradation of
the riverbed but also resulting in frequent avulsions and channel oscillating to the north
and south across the Shandong Peninsula along its course to the sea [77–79]. Specifically,
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since ~500 BC, effective river-channel control measures have been taken [46,78], and the
construction of artificial levees, in conjunction with the large amount of silt coming from
human land use (i.e., deforestation and plowing) on the upstream Loess Plateau, has
also aggravated the deposition of excessive silt in the river channel. This has irreparably
elevated the riverbed and has made the river extremely prone to flooding. Therefore,
changes in the landscapes of the lower Yellow River floodplain during the Holocene
are closely related to the flooding and channel avulsion of the Yellow River [77–80]. In
addition, the lower Yellow River floodplain was dotted with a large number of lakes
and marshes throughout most of the Holocene [58,80]. Many Holocene limnetic facies
were widely distributed across the lower Yellow River floodplain and the surrounding
areas [29,56–60,63,77,80]. However, under the influences of climatic fluctuation, river
flooding, and intensive agricultural activities, the locations and sizes of these lakes and
marshes changed dramatically during the late Holocene [46,58,60,80,81]. As a result,
today most of these lakes and marshes are filled with silt and have disappeared from the
landscape in the lower Yellow River floodplain (Figure 1b).
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Figure 1. Study area. (a) The large-scale geographic context of the lower Yellow River floodplain. The
labels are high-resolution paleoclimatic record sites (purple circles, No. 1–5) in the lower Yellow River
floodplain and the surrounding areas, and they are as follows: 1. Dongshiya Cave [47], 2. Heshang
Cave [48], 3. Lianhua Cave [49], 4. Zhengzhou City [50], 5. Gonghai Lake [51], and 6. Xinjie Profile (a
lacustrine sequence) [52]. (b) Topographical background of the lower Yellow River floodplain and
the surrounding areas and the locations of the modern Yellow River course, historic Yellow River
course (12th-19th centuries) [75] and the Yellow River course during the pre-Longshan and Longshan
periods. The red line is the inferred river course before ~4000 a BP from documentary records [46],
and the purple line is the inferred river course between ~7000 and ~3600 a BP from 157 boreholes [77].
In addition, local sites of paleoenvironmental records in the study area are also shown (red boxes,
No. 7–10), including 7. Sihenan strata [53,54], 8. Wuchagou strata [55], 9. Ningjinpo strata [56], 10.
Yuchisi strata [57].
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Climatologically, the lower Yellow River floodplain is dominated by the East Asian mon-
soon system, with significant seasonal variations in temperature and precipitation [76,82]. The
mean annual temperature ranges from 15 ◦C to 17 ◦C, and the mean annual precipitation
ranges from 700 mm to 900 mm, with most rainfall occurring during the summer [76,82].
It is noteworthy that the summer precipitation in the middle reach of the Yellow River
is mainly in the form of heavy and severe rainstorms [83], and the middle reach is cov-
ered by thick loessal deposits that are readily erodible by the commonly-occurring heavy
and severe rainstorms; consequently, large amounts of sediments are transported to the
lower reaches of the Yellow River [76–80]. Throughout the Holocene, the East Asian sum-
mer monsoon (EASM) has experienced complex fluctuations in the lower Yellow River
floodplain and the surrounding areas [47–57]. Its fluctuation and associated conspicu-
ous environmental changes have most likely impacted the evolution of local prehistoric
cultures [11,27–30,42–45,57–63].

Owing to the fertile soil and water accessibility, the lower Yellow River floodplain and
the surrounding areas have been believed to be a birthplace of Chinese civilization [28,42].
Continuing archaeological discoveries in recent decades have suggested that the Neolithic
era began in the early Holocene, and different modern provinces in the lower Yellow
River floodplain (i.e., Henan Province, southern Hebei Province, southwestern Shandong
Province and northern Anhui Province, as shown in Figure 1b) show respective evolu-
tionary trajectories of archaeological cultures (Table 1). Until now, different origin times
have been defined for the early Neolithic cultures in the above four modern provinces.
However, southern Hebei Province and Henan Province [42,84] have had similar archaeo-
logical cultures since the Yangshao period, and northern Anhui Province and Southwestern
Shandong Province [42,85] have had similar archaeological cultures since the Dawenkou
period (Table 1). Furthermore, the archaeological cultures within and around the study
area were almost contemporaneous during the Longshan period (Table 1).

Table 1. Neolithic cultures in the four modern provinces of the lower Yellow River floodplain and the surrounding areas.

Henan Province [28,42] Southern Hebei Province [42,84] Southwestern Shandong
Province [28,42]

Northern Anhui
Province [42,85]

Name Duration (a BP) Name Duration (a BP) Name Duration (a BP) Name Duration (a BP)

Lijiagou 11000–9000 Early Neolithic 9000–7000 Houli 8500–7500 Shishanzi 8000–6500
Peiligang 9000–7000 Yangshao 7000–5000 Beixin 7500–6500 Dawenkou 6500–4600
Yangshao 7000–5000 Miaodigou II 5000–4500 Dawenkou 6500–4600 Longshan 4600–3900

Miaodigou II 5000–4500 Longshan 4500–3900 Longshan 4600–3900
Longshan 4500–3900

3. Materials and Methods

The archaeological data used in this study are primarily from the Atlas of the Chinese
Cultural Relics for Hebei, Shandong and Anhui Provinces [86–88] and the Cultural Relics
of Henan Province [89]. Moreover, some of the data are taken from relevant research
papers/books and related archaeological survey/excavation reports [11,84,85,90–92]. Data
from the Atlas of the Chinese Cultural Relics have been compiled based on the administra-
tive unit of the county with a unified format and map projection. We digitized the data
using ArcGIS software and positioned the locations (i.e., longitudes and latitudes) of the
digitized sites. Here, it should be noted that the sites during the Longshan period were
nearly synchronous in the study area; however, the archaeological cultures were different
before the Longshan period in the four modern provinces (Table 1). To compare and find the
differences in archaeological site distribution patterns between the time interval before the
Longshan period (i.e., the pre-Longshan period) and the time interval during the Longshan
period, the timespan of these two stages must first be defined. Archaeologically, Henan
and southern Hebei Provinces, southwestern Shandong and northern Anhui Provinces
have exhibited the same archaeological cultures since the Yangshao period and Dawenkou
period, respectively (Table 1). Because the sites recorded in the Cultural Relics of Henan
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Province [89] during the Yangshao and Miaodigou II periods were not differentiated, the
Yangshao and Miaodigou II periods were grouped into pre-Longshan period in these two
provinces across a timespan of ~7000 and ~4500 a BP (Table 1). Moreover, the Dawenkou
period was selected as the pre-Longshan period (~6500–~4600 a BP) in southwestern
Shandong and north Anhui Provinces (Table 1). Although here the durations of the pre-
Longshan period in southwestern Shandong and northern Anhui Provinces lasted for a
shorter time than those in Henan and southern Hebei Provinces, the site numbers of the
Beixin Culture in Shandong Province [93] and the Shishanzi Culture in Anhui Province [94]
are very small. These factors do not change the overall spatial patterns of human settlement
distribution during the pre-Longshan period in southwestern Shandong and northern An-
hui Provinces [93,94]. Consequently, the different durations of the pre-Longshan period in
different provinces do not influence the results, and this could serve the purpose of this
study: presenting the spatial pattern differences in archaeological site distribution during
the pre-Longshan and Longshan periods. In total, we gathered information on 5316 human
settlement sites, including 1803 sites from the pre-Longshan period and 3513 sites from
the Longshan period. Then, all the collected archaeological sites were plotted in the relief
map obtained from the Shuttle Radar Topography Mission (SRTM4.1) digital elevation
model (http://www.gscloud.cn/) (accessed on 3 July 2021).with a spatial resolution of
30 m × 30 m.

Then, by using the kernel density tool of the spatial analysis module in ArcGIS
software, the site distribution patterns during the pre-Longshan and Longshan periods
were compared. The ArcGIS kernel density analysis is a method of converting a group
of points into gratings and calculating the density of point elements around each output
grating cell [95,96]. Conceptually, a smooth surface is fitted at each point. The surface value
is highest at this point and decreases with distance increasing from the point, reaching
zero at the specified search radius of the point. In this study, the default search radius
recommended by ArcGIS is used. The final density at each output grating cell is then
calculated by adding the values of all the kernel surfaces where they overlay the grating cell
center. Consequently, the method of kernel density can visualize and interpret site clusters,
and has been widely used to examine and compare the spatial changes of archaeological
site distribution in many relevant studies [30,95–98]. Subsequently, the elevations of all
archaeological sites during the pre-Longshan and Longshan periods were generated using
the extraction tool of the spatial analysis module in ArcGIS software.

Furthermore, to analyze the relationship between human settlements and hydrocli-
matic settings, we first compiled six high-resolution paleoclimatic sequences in the lower
Yellow River floodplain and the surrounding areas (Figure 1a) to delineate regional hydro-
climatic variations in the study area during both the pre-Longshan and Longshan periods.
Then, we examined the reliability of these data based on local paleoenvironmental records
with relatively good age controls and identified local hydroclimatic changes during the
pre-Longshan and Longshan periods. In addition, local human activities during both
the pre-Longshan and Longshan periods were briefly summarized by reviewing human
subsistence strategies and population changes.

4. Results
4.1. Spatial Pattern Changes of Human Settlement between the Pre-Longshan and
Longshan Periods

Figure 2 shows the site distributions and the site densities during the pre-Longshan
and Longshan periods. The site number (Figure 2a,b) and site density (Figure 2c,d) compar-
isons between the pre-Longshan and Longshan periods demonstrated several remarkable
differences in archaeological site distribution. First, it is clear that there were many more
Longshan sites (3513) than pre-Longshan sites (1803). Second, the areas around the Song-
shan Mountains were the distribution center during both the pre-Longshan and Longshan
periods with two secondary high-density strips along the southeastern foothill of the Tai-
hang Mountains and along the western fringe of the Taiyi Mountains. Third, the strips
along previous Yellow River courses are the site-scarce areas during the pre-Longshan and

http://www.gscloud.cn/
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Longshan periods. Fourth, the pre-Longshan sites were primarily concentrated on the
highlands around the lower Yellow River floodplain (Figure 2a,c). Fifth, the Longshan sites
were relatively ubiquitously spread across all landscapes in the study area (see Figure 2b,d),
showing an obvious spatial expansion of human settlement in comparison with the site
distribution during the pre-Longshan period.

Land 2021, 10, x FOR PEER REVIEW 6 of 16 
 

4. Results 
4.1. Spatial Pattern Changes of Human Settlement Between the Pre-Longshan and Longshan 
Periods 

Figure 2 shows the site distributions and the site densities during the pre-Longshan 
and Longshan periods. The site number (Figure 2a,b) and site density (Figure 2c,d) com-
parisons between the pre-Longshan and Longshan periods demonstrated several remark-
able differences in archaeological site distribution. First, it is clear that there were many 
more Longshan sites (3513) than pre-Longshan sites (1803). Second, the areas around the 
Songshan Mountains were the distribution center during both the pre-Longshan and 
Longshan periods with two secondary high-density strips along the southeastern foothill 
of the Taihang Mountains and along the western fringe of the Taiyi Mountains. Third, the 
strips along previous Yellow River courses are the site-scarce areas during the pre-
Longshan and Longshan periods. Fourth, the pre-Longshan sites were primarily concen-
trated on the highlands around the lower Yellow River floodplain (Figure 2a,c). Fifth, the 
Longshan sites were relatively ubiquitously spread across all landscapes in the study area 
(see Figure 2b,d), showing an obvious spatial expansion of human settlement in compar-
ison with the site distribution during the pre-Longshan period. 

 
Figure 2. Human settlement distributions of the pre-Longshan period (a) and the Longshan period 
(b) and the site density distributions of the pre-Longshan period (c) and the Longshan period (d) 
in the study area. 

Here, a special note is made to highlight the spatial changes in archaeological site 
elevation between the earlier pre-Longshan period and the later Longshan period. Table 
2 shows the numbers and proportions of archaeological sites counted according to differ-
ent elevations in the study area. Compared with the pre-Longshan period, the number of 
archaeological sites with elevations higher than 100 m in the Longshan period increased 
from 1065 to 1430, but the percentage decreased from 59.07% to 40.72%. However, both 
the number and percentage of archaeological sites with elevations lower than 100 m sig-
nificantly increased from 738 to 2083 and from 41.93% to 59.28%, respectively. In 

Figure 2. Human settlement distributions of the pre-Longshan period (a) and the Longshan period
(b) and the site density distributions of the pre-Longshan period (c) and the Longshan period (d) in
the study area.

Here, a special note is made to highlight the spatial changes in archaeological site
elevation between the earlier pre-Longshan period and the later Longshan period. Table 2
shows the numbers and proportions of archaeological sites counted according to different
elevations in the study area. Compared with the pre-Longshan period, the number of
archaeological sites with elevations higher than 100 m in the Longshan period increased
from 1065 to 1430, but the percentage decreased from 59.07% to 40.72%. However, both
the number and percentage of archaeological sites with elevations lower than 100 m
significantly increased from 738 to 2083 and from 41.93% to 59.28%, respectively. In
particular, the elevations of archaeological sites between ~10 m and ~100 m showed a
more pronounced increase from 705 (39.10%) to 1995 (56.79%). These regions are only the
lowlands of the study area (Figure 1b). In other words, the human settlements expanded to
previous site-scarce lowlands of the lower Yellow River floodplain during the Longshan
period (Figure 2b,d).
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Table 2. The elevation distribution of archaeological sites in the lower Yellow River floodplain and
the surrounding areas during the pre-Longshan and Longshan periods.

Elevation (m)
Pre-Longshan Period Longshan Period

Number Percent (%) Number Percent (%)

<10 33 1.83 88 2.50
10–25 79 4.38 227 6.46
25–50 237 13.14 658 18.73
50–75 230 12.76 739 21.04

75–100 159 8.82 371 10.56
100–150 349 19.36 576 16.40
150–250 304 16.86 445 12.67
250–00 296 16.42 283 8.06
>500 116 6.43 126 3.59
Total 1803 100 3513 100

4.2. Regional Hydroclimatic Changes in the Lower Yellow River Floodplain and the
Surrounding Areas

As mentioned above, to delineate the hydroclimatic characteristics during both the pre-
Longshan and Longshan periods at the regional scale, six high-resolution proxy records
with reliable chronologies and well-accepted validities of the proxy-climate or proxy-
environment relationships were selected from the lower Yellow River floodplain and the
surrounding areas (Figure 1a). They include three speleothem δ18O datasets from Dong-
shiya Cave in Henan Province (Figure 3a), Heshang Cave in Hubei Province (Figure 3b),
and Lianhua Cave in Shanxi Province (Figure 3c) and three reconstructed precipitation
or moisture datasets from the Zhengzhou city in Henan Province (Figure 3d), Gonghai
Lake in Shanxi Province (Figure 3e) and the Xinjie Profile (a lacustrine sequence) in Jiangsu
Province (Figure 3f).

The speleothem δ18O data from Dongshiya Cave in Henan Province distinctly show
that the EASM was intense from ~8.0 to ~5.0 ka BP and weakened substantially between
~5.0 and ~4.0 ka BP (Figure 3a). Two other sets of δ18O data from Heshang Cave (Figure 3b)
and Lianhua Cave (Figure 3c) also recorded nearly synchronous variations in the EASM.
As a result, the regional monsoon-related precipitation or wetness shows similar variations.
Li and Gao [50] reconstructed Holocene moisture changes in the Zhengzhou city and
identified an apparent wet period between ~8.0 and ~5.0 ka BP and a subsequent clear
decreasing trend in local moisture (Figure 3d). Moreover, although the fluctuation ranges
are not in accordance with the moisture change in the Zhengzhou city, the reconstructed an-
nual precipitation sequences based on pollen assemblages from Gonghai Lake in northern
China (Figure 3e) and the Xinjie Profile in southern China (Figure 3f) both suggest similar
variations in regional precipitation or wetness as Zhengzhou city.

In brief, at the regional scale, the six reviewed high-resolution proxy sequences indicate
that the lower Yellow River floodplain and the surrounding areas experienced remarkable
changes in the EASM and associated precipitation or wetness, exhibiting a wet phase from
~8.0 to ~5.0 ka BP and a persistent drying phase from ~5.0 to ~ 4.0 ka BP.
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Figure 3. Proxy sequences of climatic changes within and around the study area during the past
9000 years. (a): δ18O sequences from Dongshiya Cave [47]; (b): δ18O sequences from Heshang
Cave [48]; (c): δ18O sequences from Lianhua Cave [49]; (d): moisture index reconstruction in the
Zhengzhou city [50]; (e): annual precipitation reconstruction based on pollen assemblages in Gong-
hai Lake [51]; (f): annual precipitation reconstruction based on pollen assemblages in the Xinjie
Profile [52].

4.3. Local Hydroclimatic Changes in the Lower Yellow River Floodplain

To further portray local hydroclimatic changes during the pre-Longshan and Long-
shan periods (especially during the Longshan period) in the lower Yellow River flood-
plain, four paleoenvironmental records with relatively good age controls were selected
(Figure 1b). They include a lacustrine sequence at Sihenan [53,54], a loess-paleosol se-
quence at Wuchagou [55] on western margin of the study area, a lacustrine sequence at
Ningjinpo in the northern part of the study area [56], and an archaeological sequence at
Yuchisi in the southern part of the study area [57].

Stratigraphically, the Sihenan section features an obviously lacustrine layer at depths
from ~530 to ~100 cm, and this lacustrine layer can be further divided into four subunits:
two aquatic snail rich subunits interbedded with two aquatic snail poor subunits (Figure 4,
No. 7), suggesting that the area around Sihenan experienced two paleolake expansion
intervals and two lake shrinking intervals between ~7.0 and ~4.0 ka BP. Based on 14C dating
data and cultural remains, lake development at Sihenan was interrupted by two drought
events likely occurring at ~5.6 ka BP and ~4.0 ka BP [54,99]. In addition, the chemical
index of alteration (CIA) value, which defines the weathering intensity for specific climates,
clearly presents an intense weathering phase during 8–3.8 ka BP but exhibits a persistent
weakening trend since ~5.0 ka BP in the loess-paleosol sequence at Wuchagou (Figure 4,
No. 8). This indicates that there was a warm and humid climate during 8–3.8 ka BP;
however, the local climate deteriorated after ~5.0 ka BP. Similarly, the chemical weathering
index (i.e., C index) at the Ningjinpo paleolake sequence also recorded a humid climate
interval during 7.7–5.5 ka BP and a subsequent drying interval from ~5.5 to ~3.3 ka BP
(Figure 4, No. 9). Furthermore, the increasing trends of the Chenopodiaceae/total pollen
ratio and alkane ratio also signal the aridification of local environmental conditions at
Yuchisi site from ~4.4 to ~4.0 ka BP (Figure 4, No. 10).
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In summary, the local paleoenvironmental records confirm that there was a noteworthy
shift in local hydroclimatic conditions during the pre-Longshan and Longshan periods.
Roughly, in the lower Yellow River floodplain, the climate was humid during the pre-
Longshan period, whereas the local climate exhibited a lasting drying trend during the
Longshan period.

5. Discussion
5.1. Local Landscape Evolution in the Lower Yellow River Floodplain
5.1.1. Local Landscape Evolution with Hydroclimatic Changes

As mentioned above, both regional paleoclimatic records (Figure 3) and local paleoen-
vironmental records (Figure 4) indicate that an intense EASM and associated humid climate
existed during 8.0–5.0 ka BP (roughly corresponding to the pre-Longshan period) and that
subsequent weakening of the EASM and consequent drying of the climate occurred during
5.0–4.0 ka BP (roughly corresponding to the Longshan period). Thus, high precipitation in
the pre-Longshan period caused widespread lakes and marshes to develop not only in the
lower Yellow River floodplain [56,58,63] but also on the surrounding piedmont plain [100]
and loess tablelands [54,58–60] around the lower Yellow River floodplain. However, with
the persistent drying of local hydroclimatic conditions driven by the weakened EASM
since ~5.0 ka BP, preexisting lakes and marshes most likely shrank first in the surrounding
highlands and then in the lower Yellow River floodplain. This has been demonstrated by
the three most recent studies on extensive paleoenvironmental surveys on the western
margin of the study area (i.e., Zhengzhou region) [58–60], which showed that the areas of
lakes and marshes in Zhengzhou region have decreased dramatically since the late Yang-
shao period. Consequently, a large area of arable land for prehistoric human occupation
was created during the Longshan period in the lower Yellow River floodplain. Moreover,
the continuous shrinking of lakes and marshes with a drying hydroclimate further led to
lower base flows and subsequent river incision in the surrounding foothills of the study
area [61,62].
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5.1.2. Regional Rivers and Their Possible Impacts on Local Landscape Evolution

In the lower Yellow River floodplain, the changes in regional paleoclimate and asso-
ciated hydrological changes in regional rivers (especially the Yellow River) dramatically
influenced the local landscape evolution [14,30,58,60,77–80]. Wang [43] inferred that the
Yellow River channel migrated southward at ~4.6 ka BP and returned to a northern position
at ~4.0 ka BP, causing a large area of arable land formation for human occupation in the bor-
dering areas of the present three provinces (i.e., Henan, Shandong and Anhui). However, a
recent publication suggested that the Yellow River most likely flowed southward into the
Yellow Sea during 3800–3500 a BP, not during the Longshan period [35]. This was further
substantiated by a study on Yellow River Delta development around the Bohai Sea [101].
The authors, based on the synthesis of previously published data and a large amount of
new data, concluded with a rather high level of confidence that the main course of the
Yellow River emptied into the Bohai Sea from ~5500 to ~3600 a BP [101]. Their conclusion
is consistent with the inferred Yellow River course distributed in Hebei Province between
~7000 and ~3600 a BP (see Figure 1b) [75,77]. Therefore, the Yellow River was relatively
stable and stayed in the Hebei region during both the pre-Longshan and Longshan periods
(i.e., from ~7000 to ~3900 a BP, see Table 1).

However, the sediments transported by regional rivers from the upstream Loess
Plateau unquestionably impacted local landscape evolution in the lower Yellow River
floodplain [76–80]. The loess on the Loess Plateau is extremely vulnerable to erosion; thus,
vegetation cover on the Loess Plateau is a key factor influencing loess erosion [76,78,79]. As
aforementioned, the EASM weakened persistently during the interval from ~5.0 to ~4.0 ka
BP with a conspicuous reduction in monsoon-related precipitation within and around the
study area. Such precipitation or wetness variations most likely had adverse effects on
vegetation development on the Loess Plateau. Two high-resolution pollen records of alpine
lacustrine sequences on the Loess Plateau obviously show a nearly synchronous decrease in
tree pollen proportions between ~5.5 and ~4.0 ka BP [102,103]. This was further supported
by a recently synthesized report [104]. Sun et al. [104] used fossil pollen data from 41 sites to
reconstruct the Holocene vegetation distribution in different topographic units of the Loess
Plateau and found that the biome scores for forest vegetation and the proportions of forest
pollen decreased synchronously between ~5.5 and ~4.0 ka BP. Moreover, the population
size estimated on the basis of the number of human settlements on the Loess Plateau also
shows an apparent increase during the Longshan period [34,96,105,106]. Consequently,
decreasing forest vegetation [102–104], intensifying human activities [34,96,105,106] and
local summer precipitation primarily in the form of heavy and severe rainstorms [83],
might have collectively resulted in more soil erosion and heavier sediment loads in the
rivers flowing through the Loess Plateau. As a result, accelerated sedimentation rate
occurred from ~5.0 to ~3.0 ka BP in the lower Yellow River floodplain [107,108] and the
sedimentation rate had increased from ~3.6 mm/yr to ~6.4 mm/yr [108]. This would have
inevitably filled the preexisting lakes and marshes more quickly and subsequently caused
the formation of more arable land in the lower Yellow River floodplain.

5.2. Human Subsistence Strategies and Population Changes in the Lower Yellow River Floodplain

The interactions between prehistoric societies and environmental changes are quite
complex [1–6]. Human subsistence strategies are sensitive to changing environmental con-
ditions, thus, understanding human subsistence strategies and adaptations in prehistory
thus is crucial to reveal the human–environment interactions [6,27,29,42]. Archaeobotani-
cal research has reported that the main source of plant foods was primarily provided by
agriculture with a mixed millet-rice farming mode as the distinct characteristic of regional
subsistence strategy in and around the lower Yellow River floodplain during both the pre-
Longshan and Longshan periods [64–73]. However, there are obvious regional differences
of this mixed millet-rice farming mode in the study area. During the pre-Longshan period,
flotation results revealed that the millet (including foxtail millet and broomcorn millet) oc-
cupied the dominant position in human diet, but its proportion is higher in the sites located
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on surrounding hills and loess tablelands than the sites located on alluvial plains [64,66–68],
that is, the proportion of rice is higher in the low-lying alluvial plains [67–70]. Subsequently,
this pattern had not substantially changed in the Longshan period, but spatial range of
mixed millet-rice farming mode had shrunk toward alluvial plains, showing millet agricul-
ture in the hills and loess tablelands and mixed millet-rice farming in the alluvial plains and
low-lying hills and loess tablelands, respectively [66–70,72]. In addition, although there
were many more Longshan sites than pre-Longshan sites in the study area (Figure 2a,b),
the reconstructed curves of prehistorical population clearly exhibited more detailed demo-
graphic fluctuations, with two peaks (5600–5000 a BP, 4300–4000 a BP) and two declines
(5000–4500 a BP and 4000–3900 a BP) of regional population during both the per-Longshan
and Longshan periods [29,74].

5.3. Human Responses to Hydroclimatic Changes in the Lower Yellow River Floodplain

As stated earlier, the EASM was strong, and monsoon-related precipitation was
high from ~8.0 to ~5.0 ka BP within and around the lower Yellow River floodplain
(Figure 3). Thus, widespread development of lakes and marshes existed in the study
area [54,56,58–60,63] due to the preexisting saucer-shaped topography [76,80]. Such hydro-
climatic conditions were suitable for cultivating rice, resulting in charred rice found widely
in the sites across the study area [64–68], whereas the extensive development of lakes and
marshes in the lower Yellow River floodplain is also likely to have hindered prehistoric
human occupation in the lowlands. Consequently, only some sporadic highlands might
have existed for humans dwelling in the lower Yellow River floodplain (Figure 2a,c). The
broad highlands around the study area featured a high concentration of human settlements
during the pre-Longshan period (see Figure 2a,c).

Since ~5.0 ka BP, with the persistent weakening of the EASM and associated precipi-
tation decline, the hydroclimatic conditions in the lower Yellow River floodplain and the
surrounding areas presented drying trends (Figures 3 and 4), causing obvious shrinking
of lakes and marshes on the broad highlands and transitional regions between high-
lands and lowlands around the lower Yellow River floodplain since the late Yangshao
period [58–60]. Moreover, as mentioned above, although the main channel of the Yellow
River was stable and stayed on the North China Plain in Hebei Province from ~7.0 to
~3.6 ka BP [35,75,77,101], persistent deterioration of regional hydroclimatic conditions and
strengthening of human activities during the Longshan period jointly accelerated soil
erosion on the upstream Loess Plateau. As a result, more sediments were transported
by the Yellow River and other regional rivers to the downstream alluvial plains (i.e., the
lower Yellow River floodplain), leading to faster filling of preexisting lakes and marshes
and the formation of a large area of arable land in the lower Yellow River floodplain (see
Section 5.1.2). Consequently, the local deteriorating hydroclimatic conditions might have
adverse effects on the mixed millet-rice farming mode and caused rice proportion decline in
the crop structure of surrounding highlands during the Longshan period [66–70,72]. Mean-
while, the rapid increasing population during ~4300–~4000 a BP in the study area [29,74]
is likely to have jointly driven some prehistoric humans to migrate toward these newly
formed arable land. Subsequently, human settlements were ubiquitously spread across all
landscapes, showing distinct spatial expansion of human settlement in the lower Yellow
River floodplain during the Longshan period (see Figure 2b,d).

6. Conclusions

By comparing the spatial and temporal changes in human settlements and hydrocli-
matic settings during the pre-Longshan and Longshan periods in the lower Yellow River
floodplain, the following conclusions can be drawn.

(1) The archaeological site distribution patterns were visibly different between the pre-
Longshan period and the Longshan period. The pre-Longshan sites were primarily
concentrated in the western highlands with two secondary strips along the southeast-
ern foothills of the Taihang Mountains and the western fringe of the Taiyi Mountains,
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and only a few sites were dispersed in the lower Yellow River floodplain. In contrast,
the Longshan sites were nearly ubiquitously spread across all landscapes within and
around the lower Yellow River floodplain.

(2) There were two evolutionary phases of the EASM and associated monsoon-related
precipitation or wetness during the pre-Longshan and Longshan periods within and
around the lower Yellow River floodplain: the EASM experienced a strong and wet
phase between ~8.0 and ~5.0 ka BP and subsequently weakened, resulting in a drier
phase between ~5.0 and ~4.0 ka BP.

(3) Although the lower Yellow River channel was stable and stayed in the Hebei region
of the North China Plain during the Longshan period, decreasing forest vegetation
and intensifying human activities under the background of persistent drying of
the hydroclimatic conditions since ~5.0 ka BP most likely caused more soil erosion
and subsequent heavier sediment loads in the rivers flowing through the Loess
Plateau, resulting in faster filling of preexisting lakes and marshes in the lower Yellow
River floodplain.

(4) The hydroclimatic variations in the lower Yellow River floodplain influenced human
settlement distribution patterns during the pre-Longshan and Longshan periods.
Under overall wet hydroclimatic conditions, lakes and marshes developed widely
in the lower Yellow River floodplain and the surrounding highlands during the pre-
Longshan period. However, persistent deterioration of local hydroclimatic settings
and faster silt filling during the Longshan period caused preexisting lakes and marshes
to shrink dramatically. Consequently, the pre-Longshan sites were concentrated in
the circumjacent highlands; whereas the newly formed land during the Longshan
period were likely to have been occupied by the rapidly increasing population who
adopted the mixed millet-rice farming mode, resulting in distinct spatial expansion of
human settlement in the lower Yellow River floodplain.
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