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Climate and cultural evolution drove Holocene
cropland change in the Huai River Valley, China
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Wuhong Luo,” Chenglong Deng,' Junyi Ge,” and Zhengtang Guo'

SUMMARY

As an important way of maximizing land productivity by growing more than one crop type in the same
field, mixed cropping has been an effective option for sustaining population growth under different
climatic conditions since prehistoric period. We used a combination of archaeological data and an
improved prehistoric land use model (PLUM) to quantitatively reconstruct spatiotemporal changes in
cropland types and areas in the Huai River Valley of China, a core region of mixed cropping during
the Holocene. The total cropland area increased more than 25 times during 8-2 ka BP, with northward
expansion of rice-dominated cultivation during 5-4 ka BP and southward expansion of dry-dominated
cultivation after 4 ka BP. Temperature and precipitation determined cropland types distribution, while
that of cropland area was controlled by cultural development. The interplay between past climate,
culture, and cultivation potentially provides useful insights into mitigating future population pressures
with climate change.

INTRODUCTION

Croplands are the basis for much of the world's food production, supplying over 90% of global food calories.’ Mixed cropping, including
intercropping, is the oldest form of systemized agricultural production and involves the growing of two or more species, or cultivars of the
same species, simultaneously in the same field.” It is practiced as an important means of maximizing land productivity through the intensifi-
cation of cropping in the spatial domain.® Accordingly, mixed cropping has been widely utilized across China, India, Africa, and Latin America
over a long period,”” with important implications for regional population growth and cultural development.®’

China is one of the three major regions of agricultural origins in the world (Figure 1A). The expansion of millet cultivation from the
Yellow River Valley, and rice cultivation from the Yangtze River Valley, led to the formation of the world's earliest mixed cropping system
in central China by 8000 a BP.”""* This typical mixed cropping area is situated in the transitional zone between the humid and semi-humid
climatic regimes in China,'? and hence it is sensitive to climate change, while also acting as a key crossroad for regional trade and commu-
nication (Figure 1B; Table S1)."* Thus, research aimed at better understanding the mechanisms of spatiotemporal cropland change in cen-
tral China during the Holocene may also provide insights into the long-term co-evolution of human activity, climate, and culture in this
region.

The roles of both climate change and cultural factors in driving cropland expansion have been examined in various archaeological
studies.’”?* The relative contributions of climatic and cultural factors to the evolution of the distribution of cropland, however, remain
to be clarified, as most of current studies focus on comparisons of the curves of different variables over time.">?"?* While several
archaeobotanical studies have provided semi-quantitative insights into changes in the spatial pattern of cropland types through time
based on point records,'”??"?° there are limited reliable quantitative data about changes in the distributions of cropland type and
area, which hinders the assessment of the relative roles of climate, culture, and other factors in cropland evolution. For mixed cropping
areas, it is particularly important to clarify changes in both cropland type and area, as these variables were potentially controlled by

different factors.'%??
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Figure 1. Spatial information for the study region

(A) Distribution of the centers of agricultural origin and modern cropland.

(B) Distributions of the Huai River Valley, and four cultural regions in and around the Huai River Valley (that is, the Zhongyuan Culture Region in northwest, the
Haidai Culture Region in northeast, the Jianghan Culture Region in southwest, and the Jiangzhe Culture Region in southeast), isohyets, main river systems, mixed
agriculture boundaries, and modern cities are also shown.

(C) Distributions of archaeological sites with the remains of the seeds of crop plants, elevation, and four cultural groups developed inside the Huai River Valley
(that is, NW, NE, AH and SE).

(D) Distribution of archaeological settlement sites in the Huai River Valley.

Current quantitative Holocene cropland reconstructions typically rely on the extrapolation of historical population data and modern land
use patterns during the prehistoric period (e.g., HYDE, History Database of the Global Environment).?® By contrast, the reconstructions of
GLUE (Global Land Use and Technological Evolution Simulator) use a simulated population based on the theoretical balance between pop-
ulation growth and regional cultural traits.”’-”® However, these studies all lack direct evidence for prehistoric human activity, and uncertainties
persist in their reconstructions of cropland type, area, and distribution in the deep past.”’

In recent years, the utility of incorporating archaeological data into prehistoric human land use reconstructions has become more widely
recognized, with such data providing direct evidence of prehistoric human activity, including its type, intensity, and distribution.?” One such
approach, the prehistoric land use model (PLUM), has been successfully developed and applied in typical dry and rice cultivation areas in
China,**? providing a new tool to quantitatively reconstruct spatiotemporal changes in cropland areas over long timescales using archae-
ological data. The number and size of archaeological sites, and cultural parameters related to cultivation, have been used to improve the
accuracy of cropland area reconstructions; and the relationship between the distributions of archaeological sites and environmental variables
has been adopted to reconstruct the spatial patterns of cropland. Archaeological sites as control points can more accurately reflect the tem-
poral fluctuations and spatial migration of prehistoric human activity.

The present study draws on PLUM and focuses on the Huai River Valley, the earliest and core area of mixed cropping in China.
During the Neolithic and Bronze Age (~10-2 ka BP), the valley was characterized by dry cultivation represented by Setaria italica and
Panicum miliaceum (two types of millet) with lower water requirements, and rice cultivation represented by Oryza sativa with higher water
requirements.’” As noted, this valley is located in a transitional climatic zone, and it is also a zone of overlap between four key cultural
regions (Figure 1B; more information about the valley is given in STAR Methods).'>* Four cultural groups correspondingly developed in-
side different parts of the Huai River Valley during the Neolithic Age (~10-4 ka BP) (Figure 1C): a group (NW) distributed in the northwest
valley was mainly related to the Zhongyuan Cultural Region; a group (NE) distributed in the northeast valley was mainly related to the Hai-
dai Cultural Region; a group (AH) distributed in the central and southern parts of the valley (mainly in Anhui province) was affected by all
four cultural regions around; and a group (SE) distributed in the southeast valley was mainly related to the Jiangzhe Cultural Region

9-11,33,34
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Figure 2. Temporal changes in human activity in the Huai River Valley
(A) Number of archaeological sites.

(B) Total and average residential areas (data are represented as average + SEM).

(C) Total and average population (data are represented as minimum, average, and maximum values).
D)

D) Total cropland and proportion of rice cultivation in the total cropland (data are represented as minimum, average, and maximum values).

(Figures 1B and 1C)." Numerous Neolithic and Bronze Age archaeological sites have been found in the valley (Figures 1C, 1D, and
S1).**° The Huai River Valley is thus an ideal region for investigating the relative influences of climatic and cultural factors on the evolution
of both cropland types and areas.

First, the different cropland types within the mixed cropping system need to be clarified in this study, hence, we first refined PLUM to
PLUM2 by adding a new land use type sub-model based on crop seed floatation data from archaeological sites (Figures 1C and S2; more
information is given in STAR Methods). Second, the distributions of cropland type and area (0.1° x 0.1° spatial resolution) in the Huai River
Valley from 8 to 2 ka BP were quantitatively reconstructed based on archaeological and environmental data (Tables S2, S3, and S4), using
PLUM2. Third, the corresponding spatial grid data of climatic and cultural factors in the valley were reconstructed based on pollen records
(Table S5) and archaeological sites. The modern analog technique was adopted to produce quantitative reconstructions of annual mean tem-
perature and precipitation, and the kernel density estimation (KDE) of archaeological sites was applied to illustrate the intensity of the dis-
tribution of different cultures (herein defined as cultural intensity). Finally, the relative contributions of climatic and cultural factors to cropland
types and areal distributions from 8 to 2 ka BP in the valley were determined using multiple regression analysis, based on the reconstructed
spatial grids of cropland, climatic factors, and cultural density.

iScience 27, 110841, October 18, 2024 3




¢? CellPress iScience
OPEN ACCESS

70

32°N-|

10__50__100 250 500 1000 1500

118|“E

Figure 3. Spatial changes in cropland area and type, and in the northern boundaries of rice-dominated cropland (>50%)
Distributions of cropland type and area in the Huai River Valley during 8-7 ka BP (A), 7-6 ka BP (B), 6-5 ka BP (C), 5-4 ka BP (D), 4-3 ka BP (E), 3-2 ka BP (F), and 0 ka BP
(G). Distributions of northern boundaries of rice-dominated cropland in the Huai River Valley from 8 to 0 ka BP (H).

RESULTS

Spatiotemporal changes in cropland type and area

Our results indicate that the number of archaeological sites in the Huai River Valley increased from 154 to 2,899 during 8-2 ka BP (Fig-
ures 2 and S1), and that the human population expanded from 1.2 (1.0-1 4)x10* individuals at 8-7 ka BP to 2.6 (2.1-3.5)x 10° individuals
at 3-2 ka BP, representing a total population increase by a factor of more than 200. Additionally, the cropland area expanded from
0.1 (0.08-0.12)x10* km? at 8-7 ka BP to 2.8 (2.2-3.7)x10* km? at 3-2 ka BP, representing a smaller increase, by a factor of 25. Intervals
of significantly increased site numbers, population size, and cropland area occurred at 5-4 ka BP and 3-2 ka BP, while a temporary
decrease in all of these variables occurred during 4-3 ka BP. However, the growth rate of both population and cropland area during
the time window of 3-2 ka BP was much greater than the increase in the number of archaeological sites over the same period. This re-
flects a more substantial increase in the average and total residential areas of archaeological sites in the Huai River Valley compared to
previous millennia (Figure 2).

Changes in dry and rice cultivated land use followed the same pattern as that of total cropland from 8 to 2 ka BP. The area of land under dry
cultivation was always larger than that under rice cultivation over this period (Figure 2), but its spatial distribution was limited to the northern
part of the valley before 6 ka BP, when rice cultivation was widely distributed across the entire valley (Figure S3). Therefore, the proportion of
rice cultivation to total cropland area reached nearly 40% prior to 6 ka BP, but it decreased to <30% during 6-5 ka BP, with the southward
expansion of dry cultivation. However, a pronounced increase in the proportion of rice cultivation to total cropland area occurred during
5-4 ka BP, while there was a decrease after 4 ka BP (Figure 2).

With the transformation of the distribution of archaeological sites in the Huai River Valley from scattered to extensive (Figure S1), three
stages of cropland distribution can be distinguished (Figures 3 and S3). Prior to 6 ka BP, the total cropland area was mainly distributed around
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Figure 4. Changes in the contribution of different climatic and cultural factors to distribution of cropland
Cropland type (A) and area (B), the regression coefficients are represented as the mean and the values located at the 10%, 25%, 75%, and 90% positions of
the data.

archaeological sites in the western, southern, and northeastern parts of the valley. The northern boundary of rice-dominated cropland (>50%)
was located around 34°N. From 6 to 4 ka BP, the total cropland area expanded across the valley, except in its southeastern part. The increase
in cropland area in the northern part of the valley was mainly the result of the intensification of dry cultivation during 6-5 ka BP, when dry
and dry-dominated cropland began to expand southward. However, the expansion of both dry and rice cultivated land was substantial during
5-4 ka BP, as the northern boundary of the rice-dominated cropland area shifted to the north of 35°N in the eastern side of valley. After 4 ka BP,
another cropland center developed in the central southern valley at 3-2 ka BP. The southward expansion of dry-dominated cropland was sub-
stantial, and its southern boundary shifted to the area around 33°N.

While 72% of the Huai River Valley area is under cultivation today (https://www.geodata.cn/) (Figure 3), in the period prior to 2 ka BP, less
than 12% (8-14%) of the valley supported cropland, highlighting the relatively low intensity of prehistoric land use throughout most of the
Holocene. However, after 5-4 ka BP, the distribution of cropland expanded to the entire valley (Figure 3), highlighting the human alteration
of the regional land cover during the middle-late Holocene.

Main drivers of changes in cropland type and area distributions

The spatial grid data of climatic factors, cultural intensity, and cropland area were used for multiple regression analysis to determine the rela-
tive roles of climatic and cultural factors in the distribution of cropland type and area in the Huai River Valley from 8 to 2 ka BP (see STAR
Methods). The dependent variables are the distributions of cropland type and area, the former represented by the proportion of rice culti-
vation to total cropland, and the latter by the proportion of total cropland relative to the entire valley area. The independent variables are the
distributions of annual mean temperature (MAT), mean annual precipitation (MAP), and cultural intensity (Figures S4 and S5). Here, the kernel
density distribution of archaeological sites from the four different cultural groups (that is, NW, NE, AH, and SE), which were related to the
Zhongyuan, Haidai, Jianghan, and Jiangzhe culture regions (Figures 1B and 1C), reflects the spatial pattern and differences in the intensity
of these cultural groups in the Huai River Valley (Figure S5).

The spatial distributions of reconstructed MAT and MAP during 8-2 ka BP all follow a decreasing trend from south to north in the Huai
River Valley (Figure S4). The ranges of MAT and MAP across the valley are around 9.4°C-16.3°C and 738-1862 mm, respectively. The distri-
butions of reconstructed cultural intensity demonstrate the evolutionary process from isolation, overlap, to integration, for these four cultural
groups; these changes were mainly driven by the diffusion of the Yangshao, Dawenkou, Longshan cultures, and other local cultural types
(Figure S5).

The multiple regression analysis results reveal that climatic factors played a key role in shaping the distribution of cropland type from 8 to
2 ka BP in the Huai River Valley, as the average regression coefficients of MAT and MAP were always greater that of cultural intensity (Fig-
ure 4A). Prior to 6 ka BP, the relative importance of temperature and precipitation varied through time (precipitation was more important
during 8-7 ka BP, while temperature was more important during 7-6 ka BP), due to their varying contributions to the distribution of cropland
types among the different cultural groups. However, the importance of precipitation increased after 6 ka BP, showing a consistently greater
contribution to the distribution of cropland types among the different cultural groups.

By contrast, our results show that cultural intensity was the main driver of changes in the distribution of the cropland area in the Huai River
Valley from 8 to 2 ka BP, since the average regression coefficients of cultural intensity were always greater than those of temperature and
precipitation for this period (Figure 4B). Larger differences in average regression coefficients between cultural intensity and climatic factors
after 4 ka BP indicate that the importance of cultural intensity had become even greater.

DISCUSSION

We have quantitatively reconstructed the spatiotemporal changes in cropland type and area from 8 to 2 ka BP in the Huai River Valley, a typical
mixed cropping region in eastern China. Combined with the spatial patterns of climate, cultural intensity, and cropland data, multiple
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Figure 5. Comparison between temporal changes in cropland, climatic and cultural factors during 8-2 ka BP
(A) The cropland areas in the Huai River Valley reconstructed by different studies,”®
(B) The reconstructed anomalies of MAT and MAP relative to present values based on pollen records in and around the valley, data are represented as the
average and shading indicates 95% uncertainty bands of reconstructions.

28 L. .
data are represented as minimum, average and maximum values.

(C) The northern boundary of rice-dominated cropland in the valley, data are represented as minimum, average and maximum values.
(D) Cultural intensity in the valley.
(E) Agricultural development in China.*!

regression analysis was used to assess the relative roles of climatic and cultural factors in determining the changes in cropland type and area
distributions through time.

Our results show an overall trend of cropland expansion from 8 to 2 ka BP, which is consistent with the results of HYDE3.2 (Figure 5A).%
However, our results differ from those of GLUE,”® which indicated that the area of cropland sharply increased at 7-6 ka BP, while the cropland
areas were much lower than those estimated by PLUM and HYDE3.2 in the other periods (Figure 5A). The results of GLUE are clearly inaccurate
for the Huai River Valley, which is likely the result of uncertainty in GLUE's population simulation and the relatively low resolution of its spatial
reconstruction (0.5° x 0.5°).° The comparison of PLUM and HYDE3.2 shows that cropland expansion in HYDE3.2 was continuous, while that in
PLUM shows a temporary decrease during 4-3 ka BP, leading to greater differences between their results after 4 ka BP (Figure 5A). From a
spatial perspective, the distribution of cropland in HYDE3.2 indicated a significant dependence on the fluvial system, which also occurred
during the recent period (Figure Sé). By contrast, our reconstruction using PLUM reflects a distribution pattern centered around past human

6 iScience 27, 110841, October 18, 2024
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settlements, with a preference for favorable environmental conditions such as low relative elevation, and slope, and closer proximity to rivers,
which is likely a more accurate reflection of the past situation.

The most significant improvement of PLUM is the adoption of archaeological sites as control points for cropland reconstruction. The re-
constructed distributions of cropland types based on floating results of carbonized crop seeds, consider the influences of climate fluctuations
and cultural communications on cultivation over time. The reconstructed cropland areas and their distributions based on the number, size and
distribution of archaeological sites, consider local differences in population size and land use efficiency, and large-scale human migration over
time. Overall, these direct prehistoric human evidences more reliably reflect the temporal fluctuations and spatial variations of population and
cropland, compared to the extrapolations of historical and modern human activity information in the previous studies.”**® For example, the
decreasing values of land use per capita in PLUM (from 9.58 to 1.01 ha/capita during 8-2 ka BP) based on archaeological record of typical sites
are broadly supported by the theoretical studies,*’
ing 8-2 ka BP) cannot be explained by the enhancing land use efficiency over time caused by population growth pressure and agricultural
development.”®

The distribution of cropland types in the Huai River Valley was directly controlled by the climatic conditions, since different crop plant spe-
cies and varieties have specific temperature and precipitation ranges.*®“” The reconstructed temperature and precipitation across the Huai
River Valley during 8-2 ka BP were 9.4°C-16.3°C and 738-1,862 mm) (Figure S4), which were continuously within the ranges suitable for the
growth of millet (5°C-45°C and 200-4,000 mm) and rice (10°C-36°C and 750-4,000 mm).*? Accordingly, mixed crop agriculture was conduct-
ed in the Huai River Valley, showing a pattern of northern, millet-dominated cultivation with reduced heat and moisture requirements, and

while the corresponding increasing values in HYDE3.2 (from 0.15 to 1.83 ha/capita dur-

southern, rice-dominated cultivation requiring greater heat and moisture. However, the valley has distributed in the edge regions of both
millet and rice cultivations, as at present only parts of the valley fall into the precipitation optimum ranges for two types of cultivation (millet
500-750 mm and rice 1,000-2,000 mm), while the entire valley does not fall into the temperature optimum ranges (millet 16°C-32°C, rice
20°C-30°C) (Figures S4M and S4N). From 8 to 2 ka BP, the precipitation optimum areas for rice cultivation enlarged obviously in the valley,
while the optimum areas for millet cultivation almost disappeared. By the contrast, a small temperature optimum area for millet cultivation
appeared in the southwestern valley during 8-4 ka BP, while there was still no temperature optimum area for rice cultivation (Figures S4A-S4L).
Therefore, the distribution of rice-dominated cultivation was most sensitive to changes in precipitation inside the valley during 8-2 ka BP,
which explains the results revealed by regression analysis that the distribution of cropland types was mainly controlled by precipitation (Fig-
ure 4A). The comparison of time series evolutions further reveal the synchronous changes between rice-dominated cultivation boundary and
climatic factors during 8-2 ka BP (Figures 5B and 5C). The southward retreats of rice-dominated cultivation during 6-5 ka BP and 4-3 ka BP
corresponded to the decreases of temperature and precipitation, while the northward expansion of rice-dominated cultivation during 5-4 ka
BP synchronized with the increases of the climatic factors. As climate change only fluctuated within a small range during 8-4 ka BP, the shifts of
rice-dominated cultivation boundary during the period were less significant than that during 4-3 ka BP (Figures 3B and 3C).

Regarding the dominant role of cultural intensity in determining the distribution of cropland areas in the Huai River Valley, the balance
between the population food demand and the cropland food supply was the key factor linking culture and land use. Prior to 4 ka BP, the
differences between the contributions of cultural intensity and climatic factors to the distribution of cropland area were less significant (Fig-
ure 4B), since a warm and wet climate favored continuous cultural development (Figure 5B), and also played a positive role in the growth of
population and cropland area in the valley. However, the contradictory changes evidenced by the worsening climate conditions and the
growth of the human population and cropland during 3-2 ka BP confirms the influence of cultural development on the distribution of cropland
area, with cultural developments surpassing the effects of climate change. Arguably this was because societal resilience was enhanced due
the establishment of a nation state, the diversification of cultivation,” and continuous advances in agricultural technology (e.g., the develop-
ment of iron tools, irrigation, and fertilization application) (Figure 5D).*' As for the abnormal decrease of cropland area across the valley during
4-3 ka BP, it was sync with the widespread cultural decline in eastern China. Besides the contribution of climate change,”’ flooding was
another potential factor causing the decline of Neolithic culture around 4 ka BP and the following decrease of cropland area in the valley,
which was also supported by regional geological records.”

Above all, the responses of cropland size and types to changes in climatic and cultural factors in the Huai River Valley revealed here support
the previous records comparison studies about the correlations between climate evolution, culture development, agriculture dispersal, pop-
ulation fluctuation and migration,u’b?”w
middle Holocene to favorable climate conditions. However, these previous studies mainly qualitatively explored the impact of climate and
cultural factors on population size/cropland area at temporal scales. Here, our cognition of the dominant factors in the spatial evolution
of population/cropland has improved, as the approach adopted in this study for controlling factor analysis begins from the perspective of
the spatial pattern of cropland, and the reconstructed spatially continuous cropland distribution enables a semi-quantitative and quantitative
analysis of the factors controlling both cropland types and their areal distributions. It thus provides a more comprehensive understanding of
the relationship between climate, culture, and cropland evolution, providing support for the development of dynamic land use models and
future land use predictions.

Studying the relationship among changes in population, cropland, culture, and climate during the warm and humid climate of the Ho-
locene provides important historical reference points for assessing the impacts of present and future global warming.®¢! Our research

as most of the studies attributed the rice cultivation expansion and population growth during the

confirms that in the face of increasing population pressure, humans in mixed cropping areas can adapt to climate change by modifying
the spatial distribution of regional crop cultivation. Historically informed and strategic planning of crop production adaptations in mixed
cropping areas can help support community resilience in an era of ongoing and increasing climate challenges.
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Limitations of the study

The currentreconstruction based on recorded archaeological sites only provides lower limits on actual prehistoric populations and cropland areas,

due to the effects of fluvial erosion, human disturbance, and other taphonomic factors on site preservation, especially for earlier millennia.***

Since PLUM is based on the assumptions of a single land use type (cropland) and a closed balance of food needs and supply in this region,
more accurate land use per-capita estimates can be obtained by improving the structure of PLUM by incorporating other human activities
(e.g., hunting, gathering, grazing, and livestock feeding) related to land use in a future version of the model.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Elevation Shuttle Radar Topography Mission (SRTM) http://srtm.csi.cgiar.org/

Soil type National Earth System Science Data Center http://www.geodata.cn/

River system National Earth System Science Data Center http://www.geodata.cn/

Modern monthly mean temperature University of East Anglia Climatic Research Unit https://crudata.uea.ac.uk/cru/data/hrg/

and precipitation

Software and algorithms

R package ‘Rioja’ Juggins® https://cran.r-project.org/package=rioja.
ArcGIS10.2 GeoScene Information Technology Co Ltd https://www.arcgis.com/
PASW Statistics18 SBAS Limited http://www.spss.com.hk/statistics/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models.

METHOD DETAILS
Study region and interval

The Huai River Valley is located in eastern China (30.92°-36.60°N, 111.92°~121.42°E), comprising a total area of 2.7 X 10° km?. The area lies in
between the Yellow River Valley and the Yangtze River Valley. The topography of the valley is high in the west and low in the east, and around
2/3 of it comprises plains (Figure 1). The modern annual mean temperature in the valley is ~11-16°C, and the annual mean precipitation is
~910 mm.** The natural vegetation in the valley varies from alpine vegetation and subtropical mountainous cold temperate coniferous forest
in the west, to subtropical evergreen broadleaved forest in the east (http://www.resdc.cn/). Currently, 72% of the area of the valley is cultivated
(https://www.geodata.cn/). The dominant soil types are paddy soils (WRB: Anthrosols), yellow-brown soils (WRB: Cambisols), red soils, yellow
soils (WRB: Cambisols), and purplish soils (WRB: Cambisols) (http://envi.ckcest.cn/environment/).

The time period addressed in the study is from ~8 to 2 ka BP (including the Neolithic Age and Bronze Age), as the earliest mixed cultivation
found at Jiahu site in the Huai River Valley was dated to 8250 a BP,** and few archaeological sites younger than 2 ka BP have been documented
due to the abundance of historical documents for this period. During the Neolithic Age, local cultural communities developed in the central
southern region of the Huai River Valley (Anhui), while other communities in the valley were related to the four surrounding cultural regions,
including the Haidai Region in the northeast, the Jiangzhe Region in the southeast, the Central Plains Region in the northwest, and the Jian-
ghan Region in the southwest (Figure 1). The cultural sequences in these regions are shown in Table S1. During the Bronze Age, the valley was
under the control of the Xia, Shang, and Zhou Dynasties, with onset times of around 2070, 1600, and 1046 BC, respectively.éS’N

Archaeological and pollen datasets
Archaeological sites of settlements

Data on a total of 4484 archaeological sites in the Huai River Valley were collected from published Chinese Cultural Relics atlases for 5 prov-
inces (Henan, Shandong, Jiangsu, Anhui and Hubei).***° These atlases document the archaeological findings of the second national cultural
survey undertaken by the Chinese government during the 1980s, and they include much information about archaeological sites (e.g., name,
location, area, culture type, cultural depth, and archaeological remains).

Around 97% of the archaeological sites belong to cultural types covering an interval of less than 2,000 years (Figure 1D; Table S3), and they
were assumed to persist throughout their cultural periods (Table S1). The other 3% sites with unclear Neolithic cultural types were assigned to
respective 1,000-year time windows according to the proportions of the sites with clear cultural types in different millennia,**~°
whelming percentages of sites with clear cultural types essentially determine the temporal changes of the sites.

Around 80% of the sites have documented residential area values, while the median values of these known sites were adopted for the un-
known sites under the same cultural types.”*"° To reduce uncertainties caused by using the same value to represent site areas in different
cultural periods, only known sites covering a single cultural type were used as references.

The spatial distributions of archaeological sites in the Huai River Valley evolved from scattered to widespread (Figure S1). During 8-7 ka BP,
archaeological sites were mainly distributed in several areas of the western, southern, and northeastern valleys, which correspond to four
different cultural groups (NW, AH, SE, NE) developed in the Huai River Valley (Figure 1B). At 7-6 ka BP, the expansion of archaeological sites

as the over-
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occurred mainly in the western valley with the rise of the Yangshao Culture in the NW group. During 6-5 ka BP, the greatest increases in the
density of archaeological sites in the northeastern and central southern valley were due to the significant spread of the Dawenkou Culture
from the NE group to the western and southern parts of the valley, and the diffusion of the Middle Neolithic Culture from the AH group
to a larger area in the southern valley. At 5-4 ka BP the large-scale expansion of archaeological sites across the valley (the southeastern
part), can be explained by the spread of the Longshan Culture from the NW group to the southeastern valley, and the Late Neolithic Culture
from the AH group to the northern valley, in opposite directions. After 4 ka BP, the distribution pattern of archaeological sites essentially re-
mained the same as before, when different local cultural groups integrated across the valley and fell under the rule of the same dynasties (i.e.,
Xia, Shang and Zhou) from the NW group.**~*°

Archaeological sites with crop seeds

Data on a total of 467 archaeological sites with crop seeds around and within the Huai River Valley were compiled from the published liter-
ature.'??*¢"%? They were used as inputs to the land use type sub-model (Figure 1C; Table S2). The available literature comprehensively doc-
uments the location, culture, and type of crop plant remains of the archaeological sites. 46% (n=217) of these archaeological sites recorded
crop plant types and the corresponding seed quantities based on the floatation of carbonized crop seeds, > which can be directly used to
calculate the proportion of rice cultivation at an archaeological site. The flotation results of the other 250 sites only distinguished the crop
plant types, and the results showed that there was only one type, either dry or rice, at the archaeological site; therefore, it can be inferred
that the rice cultivation ratio at the site was either 100% or 0%. The archaeological sites were assigned to respective 1,000-year time windows
according to the duration of their cultural types in different millennia (Table S1).

From 8 to 2 ka BP, the average rice percentage at archaeological sites remained at ~40%, except for a pronounced decrease (27%) at
4-3 ka BP (Figure S7). The spatial distribution of the rice percentage at archaeological sites with crop-plant remains essentially followed a
pattern of high values in the southeast and low values in the northwest (Figure S7).

Cultural parameters

The socioeconomic parameters for land use need, type, and allocation sub-models in PLUM were collected from the published archaeolog-
ical literature, and the values used for the Huai River Valley are listed in Table S4.

The value ranges of residential area per person were set according to the research on typical archaeological sites in northern China.*?

The average food need per person was estimated from an individual’s minimum annual nutritional requirements based on calories,””
because agricultural food was assumed as the only source of human diet in PLUM. The estimated value of 300 kg/year was regarded as a
constant for the study period here, as no significant changes in human physiognomy or physiology occurred during the Holocene.”"

The value ranges of yields per unit area for dry and rice cultivation were obtained from a combination of archaeological research (e.g.,
phytolith remains),”*”* historical documents,”* and observations of modern slash-and-burn agriculture.”>’® The average crop yields per
unit area for different 1000-year intervals were further calculated and applied in the cropland reconstruction.

The fallow intervals for the periods of >7 ka BP and 7-5 ka BP were set according to different fallow types (long duration forest fallow, bush
fallow, and short fallow) determined by Wang,"? based on studies of typical archaeological sites; while the value for 3-2 ka was estimated from
records of the Han Dynasty and modern slash-and-burn agriculture.””””® The corresponding value for 4-3 ka BP was obtained by linear inter-
polation of the above results.

The threshold value (10 km) of the available area for cropland was based on an estimated maximum time (2 h) that a human can reasonably
be expected to spend on travelling to the agricultural fields in one day.””

Environmental variables

Spatial data throughout the Huai River Valley for the residential area sub-model were derived from digital maps of modern elevation, soil type,
and river system. Elevation data, represented by a grid layer with a horizontal resolution of 90 m and a vertical resolution of 1 m, were obtained
from the Shuttle Radar Topography Mission (SRTM) website (http://srtm.csi.cgiar.org/). The vector layers of soil type and river system, with
scales of 1:1,000,000 and 1:4,000,000, were obtained from the National Earth System Science Data Center (http://www.geodata.cn/). The grid
layers of slope and aspect were directly derived from the elevation data using Geographic Information System (GIS) software (ArcGIS 10.2),
while the grid layers of vertical and horizontal distances to river system were further calculated based on the river system and elevation data.
All these vector and grid layers comprising the environmental variables were converted or re-sampled to gridded data with a constant res-
olution of 0.01°x0.01° using the uniform WGS_1984 projection.

Pollen records

Fossil pollen data were obtained from Herzschuh et al.®’ and Li et al.?" within the certain distance range (about 700 km) from the Huai River
Valley (Figure S8; Table S5). A total of 20 sites were selected using the following criteria to ensure data quality and an adequate site-distri-
bution: (1) The record had more than three chronological controls with at least two independent dates (e.g., radiocarbon). (2) Following the
methods of Webb59,%% only samples with a date within 1 kyr or bracketed by dates within 6 kyr were retained. (3) The duration of the record
exceeded 5 kyr, and the record included samples younger than 1 ka BP, as required to calculate the anomalies. (4) The sampling resolution
was less than 400 years (5) Samples with pollen counts <200 were excluded.
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All radiocarbon dates were recalibrated using the IntCal20 calibration curve and interpolated to sample levels using the R package
‘clam’ 8% In addition to ages derived from direct dating, other chronological controls, such as annual lamination counts, biostratigraphic
controls, and core-top ages from pollen databases,® were also included in the interpolation.

The modern pollen dataset used for transfer function development comprised 1,863 surface samples, compiled from Liet al.”  and the East
Asian Pollen Database.® The distribution of surface samples covers the whole China and it represents climate conditions from cold temperate
to tropical (Table S5).%° This wide ecological and climatic range spans the range of Holocene climate change in the Huai River Valley. Modern
climate variables, including the mean annual temperature (MAT) and mean annual precipitation (MAP), were determined by thin-plate spline
interpolation with latitude, longitude, and elevation covariates using a 0.5° gridded monthly mean climate dataset (1950-2010, CRUTS

v4.01).%

|81

PLUM model and improvements

The Past Land Use Model (PLUM) is a useful tool for quantitatively reconstructing the areas and distributions of past land use in a single crop-
ping system, according to the intensity and spatial distribution information of human activity provided by archaeological sites (detailed model
descriptions can be found in Yu et al*%%" vy et al.??).

More than one cropland type exists in a mixed cropping system and their different yields affect the size and distribution of cropland in-
tensity. A sub-model named ‘land use type’ was added to the new version of PLUM (Figure S2), based on crop seed floatation data from
archaeological sites which well represented the composition of local cultivation types.'? The proportions of dry and rice cultivation in archae-
ological sites (expressed by rice cultivation percentages) were first calculated according to the numbers of two types of carbonized crop seeds
remains. Then, the spatial distribution of rice cultivation percentage across the study region was interpolated using the inverse distance
method (IDW) according to the proportions of rice cultivation from the archaeological sites, and the potential yields of different cropland
types in the study region were further obtained in the land use type sub-modell.

Second, the actual crop yield needs for all archaeological sites were calculated in the land use need sub-model. This sub-model was pre-
viously used for estimating the total cropland and living areas in the study region, based on the assumption that the food requirements of the
population are entirely supplied by cultivated plant sources, since it is still difficult to quantitatively estimate the contributions of animal and
wild plant resources to the Holocene human food sources based on current archaeological records. In the new version of PLUM, the actual
total crop yield need (Y,) for the settlements of the study region was calculated using the Equation 1, which was composed by dry or/and rice
cultivation yields.

Ya = [(A/As) X Fo] X [(Tr + Te) / T (Equation 1)

Here, A, is the total residential area, including the houses, barns, gardens, and common spaces used for human social activity in the archae-
ological site; A, is the average residential area per person. The former is usually inferred by archaeologists according to the total excavation
area of each site, while the latter is always obtained by tomb and settlement analysis of the excavated sites, and they are together used to
estimate the total population size in the site. F, is the food required per person; and Trand T, are the fallow and tillage periods, respectively, in
a single cultivation cycle, as the fallow system was widely adopted in prehistoric slash and burn agriculture to maintain field productivity.*?

Third, the potential distributions of human occupation (expressed by rank values) were predicted in the residential area distribution sub-
model, and the previous version of this sub-model was directly adopted in the new version of PLUM. The prediction was according to the
relationship between different environmental variables and the distribution of recorded archaeological sites, and the weighted overlay
method was adopted by three steps. (1) The class weights indicate the sequence of the relative importance of different environmental vari-
ables for the distribution of human activity in the study region, and they are set according to the difference between the cumulative frequency
distributions of each environmental variable in two groups (locations of all grids vs. archaeological sites). (2) The spot weights indicate the
degree of dependency of human activity on various ranges of a specific environmental variable in the study region, and they are set based
on the frequency distributions of archaeological sites in different sub-ranges of each specific environmental variable. (3) Two types of weight
of a specific environmental variable layer are multiplied to produce the total weight values for the grids across the study region, and all the
total weighted layers are summed to one layer with a standardized rank of 0-100%, which represents the potential distribution of human ac-
tivity from low to high in the study region.

Finally, the actual cropland areas estimation under different cultivation types and their spatial distributions were realized by the improved
land use allocation sub-model. (1) The total actual crop yield need of a particular archaeological site from the land use need sub-model is
distributed to the appropriate grids around the archaeological site within a specific radius. The distribution follows the principle that the grids
with higher rank values predicted by the residential area distribution sub-model are first selected as suitable cultivation areas, and the allo-
cation is also constrained by the potential maximum crop yield in each grid across the study region, as estimated by the land-use type sub-
model. (2) The actual cropland areas of different cultivation types in each grid are calculated based on crop yield per unit and the ratios of
different cultivation types predicted by the land-use type sub-model.

Overall, the first three sub-models (land use need, land use type and residential area sub-models) provide inputs (such as total crop yield
need, potential distributions of crop yields under different cultivation types and human occupation) for the land use allocation sub-model, and
the last land use allocation sub-model outputs the sizes and distributions of regional croplands under different cultivation types.
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Paleoclimate reconstruction

The Modern Analog Technique was adopted for the quantitative reconstruction of annual mean temperature and precipitation from 8 to 2 ka
BP,%® based on fossil pollen data, and implemented in the R package 'Rioja'.62 First, according to the squared chord distance (SCD),*” fossil
pollen samples were directly matched with modern datasets using the dissimilarity of biome score compositions. Then, the dissimilarity-
weighted mean climate of the seven closest modern analogues was assigned to the fossil sample.”

During the reconstruction, PFT (plant functional type) scores rather than pollen taxa were used in the dissimilarity calculation,”"??

because PFTs (i.e., groups of dominant plants characterized by common phenological and climate constraints) can be used to reduce
poor analogue cases and non-climatic influences,” and hence provide a more accurate and consistent reflection of the climate.”’%?
PFT scores were calculated using the taxa—PFT matrices in the biomization procedure for East Asia.”” In this study, only fossil samples
with close analogues under certain dissimilarity thresholds were retained. The thresholds were determined based on the trade-off be-
tween the precision/accuracy of the reconstruction and the utility for the majority of samples.” A relatively low SCD (<0.5 throughout
the Holocene) between fossil samples and modern analogues indicates a good analogue situation,”® ensuring the reliability of the
reconstructions.

The Modern Analog Technique performed well in the MAT and MAP reconstructions, as a high coefficient of determination (R>>0.8) was
produced based on leave-one-out cross-validation using the modern pollen datasets (Figure S9), while the comparable spatial patterns be-
tween observed and reconstructed modern MAT and MAP further support the application of the Modern Analog Technique to the recon-
struction of Holocene climatic factors (Figure S10).

Following Marsicek et al.,”” all the significant reconstructions were converted to anomalies using the mean of the latest 1000 years, linearly
interpolated to 200-year bins, generated into regional composites of MAT and MAP, and finally averaged into different 1000-year intervals.
The anomalies were further overlaid onto grid layers of modern temperature and precipitation to obtain corresponding grid layers of past
millennia.

The errors during the reconstruction procedure were fully considered, including three main sources: (1) Errors in modern biome-climate
calibration and the application for each sample (sample-specific errors); (2) temporal interpolation errors for each pollen site; and (3) spatio-
temporal stack uncertainties. For each source, the Monte Carlo or bootstrap resampling approach was used to assess the uncertainty. 95%
confidence limits for the reconstructed climate curve were produced by combining all the errors.

The reconstructed MAT and MAP during 8-2 ka BP of the Huai River Valley were warmer (+0.16°C) and wetter (+187 mm) than today. The
temporal changes in both MAT and MAP can be divided into two stages: a relatively higher level before 4 ka BP (+0.26°C and +199 mm than
today), and a decrease after 4 ka BP (-0.02°C and +168 mm than present). The trend of decreasing precipitation after 4 ka BP was more sig-
nificant than that of temperature (Figure 5B).

Previous studies reveal that a "South-North dipole pattern” of precipitation existed in China during the Holocene.”® "%’ As the Huai
River Valley is located in the central China, it would potentially distribute across the dipole junction zone with complex climate condition.
Here, the pollen records used for MAP reconstruction of the Huai River Valley were divided into two groups according to their locations
(north and south of the valley) (Figure S8A), and the synchronous changes of MAP occurred between the north and south groups during the
Holocene indicating most of the valley distributed in the north part of "South-North dipole pattern” (Figure S8B). The reconstructed MAP
change in the Huai River valley basically followed the trend of northern China, and such pattern is further validated by the simulation results
of TraCE-21k.”®? Overall, the reconstructed climatic factors in the Huai River Valley could be taken as reliable references for further regres-
sion analysis.

Reconstructing cultural intensity
Kernel density estimation (KDE) is a nonparametric approach for estimating probability density functions, which is frequently employed to
portray the spatial distribution density of geographical occurrences.'®’ KDE can smooth the influence of individual events within the dataset,
yielding density estimates for each location, and it enables the identification of spatial clustering trends among events, thus has been widely
applied in archaeological studies to show past human activity distribution.'%'% Here, the kernel densities of archaeological sites from four
cultural groups in the Huai River Valley were used to quantitatively express the pattern and intensity of different cultures. Processing was con-
ducted in ArcGIS by converting point features to grid layers (0.1°x0.1°) across the Huai River Valley (Figure S5).

Among the four cultural groups in the Huai River Valley, the intensities of the NW, NE, and AH groups all increased before 4 ka BP, except
SE group (Figure 5). After 4 ka BP, four regional cultural groups were integrated into a single group,® ™ whose intensity increased

continuously.

Multiple regression analysis of climatic and cultural factors

Multiple regression analysis is widely to solve the problem of multiple independent variables affecting a dependent variable, and the coef-
ficients of different independent variables reflect the strength of their impacts on the dependent variable.'” Temperature and precipitation
are key natural climatic factors that determine the potential regional crop yield,'® while cultural intensities are the main social factor that in-
fluences the actual crop yield.'” Moreover, changes in both climatic factors and cultural intensities have spatiotemporal characteristics. Here,
the grid layers (0.1°x0.1°) of cropland type and cropland area across the valley were taken as the dependent variables, respectively, while the
grid layers of MAT, MAP and cultural intensity were used as independent variables, therefore, the relative roles of external climatic and in-
ternal social factors played in distributions of cropland type and area during the prehistoric period were revealed.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The average residential areas in archaeological sites (from 154 to 2,899) during each millennium from 8 to 2 ka BP, as shown in Figure 2, were
represented as mean=+ SEM. The average population in archaeological sites, total population, and total cropland area of the Huai River Valley
were calculated based on the residential areas and three different values of residential area per person in archaeological sites during each
millennium (Table S4), therefore, three values (mean, minimum and maximum) were obtained for these variables and shown in Figure 2.

As the reconstructed northern boundary of rice-dominated cropland during each millennium in the Huai River Valley spanned different
latitudes (Figure 3), its temporal change was shown by the mean, minimum and maximum values of its latitude in Figure 5.

The multi-regression analysis clarifying the controlling factors of cropland type and area distributions was performed using PASW Statistics
software, and the grid layers (0.1°x0.1°) of all dependent (cropland type and cropland area) and independent (MAT, MAP and cultural inten-
sity) variables were standardized to the range of [0, 1] during the analysis. The regression analyses were carried out by four different cultural
groups in the Huai River Valley (NW, NE, AH and SE) (Figure 1) separately during the Neolithic period, therefore, the regression coefficients of
four different cultural groups during each millennium were further calculated as the mean and the corresponding values located at 10%, 25%,
75%, and 90% positions in Figure 4.
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