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Historic humaneclimate interactions have been of interest to scholars for a long time. However,
exploring the long-term relation between prehistoric demography and climate change remains challenging because of the absence of an effective proxy for population reconstruction. Recently, the summed
probability distribution of archaeological radiocarbon dates has been widely used as a proxy for human
population levels, although researchers recognize that such usage must be cautious. This approach is
rarely applied in China due to the lack of a comprehensive archaeological radiocarbon database, and thus
the relation between human population and climate change in China remains ambiguous. Herein we
systematically compile an archaeological 14C database (n ¼ 4656) for China for the ﬁrst time. Using the
summed probability distributions of the radiocarbon dates alongside high-resolution palaeoclimatic
records, we show that: 1) the commencement of major population expansion in China was at 9 ka cal BP,
occurring after the appearance of agriculture and associated with the early Holocene climate amelioration; 2) the major periods of small population size and population decline, i.e., 46e43 ka cal BP, 41
e38 ka cal BP, 31e28.6 ka cal BP, 25e23.5 ka cal BP, 18e15.2 ka cal BP, and 13e11.4 ka cal BP, correspond
well with the dating of abrupt cold events in the Last Glacial (LG) such as the Heinrich and Younger Dryas
(YD) events, while the major periods of high-level population in the Holocene, i.e., 8.5e7 ka cal BP, 6.5
e5 ka cal BP and 4.3e2.8 ka cal BP, occur at the same times as warm-moist conditions and Neolithic
cultural prosperity, suggesting that abrupt cooling in the climate profoundly limited population size and
that mild climate episodes spurred a growth in prehistoric populations and advances in human cultures;
and 3) populations in different regions experience different growth trajectories and that their responses
to climate change are varied, due to both regional environmental diversity and the attainment of
different levels of adaptive strategies.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, the relation between human history and climate
change has been intensively studied (Sandweiss et al., 1999; Weiss
and Bradley, 2001; deMenocal, 2001; Zhang et al., 2011;
McMichael, 2012; Xie et al., 2013; Ziegler et al., 2013). The potential role of climate change in the growth and demise of human
societies is a matter of heated debate (Catto and Catto, 2004;
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Coombes and Barber, 2005; Yancheva et al., 2007; Zhang et al.,
2007; O'Sullivan, 2008; Maher et al., 2011; Zong et al., 2012). In
spite of some still extant doubts, there is much strong environmental evidence to suggest that catastrophic climate ﬂuctuations,
such as drought and cold spells, can be closely associated with
societal disintegrations and human crises around the world (Weiss
et al., 1993; Cullen et al., 2000; Hodell et al., 2001; Polyak and
Asmerom, 2001; Wu and Liu, 2004; An et al., 2005; Zhang et al.,
2007; D'Andrea et al., 2011; Hsiang et al., 2011; Kennett et al.,
2012; Medina-Elizalde and Rohling, 2012). It has also been suggested that palaeoclimaticevariability transitions may have acted
as a trigger for rapid change in the development of humankind in
Africa (Donges et al., 2011), and that the global population growth
and geographical expansion experienced before the Neolithic was a
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result of rising temperatures after the Last Glacial Maximum (LGM)
(Zheng et al., 2011, 2012). With the increasing availability of welldated, high-resolution climate records, which can be interpreted
alongside archaeological data, the future researches would provide
more valuable information on past humaneclimate interactions.
However, it remains a challenge to test the correlation between
climate change and past human population size or intensity of
human occupation accurately, because in many cases it is difﬁcult
to obtain long-term, high-resolution approaches for reconstructing
prehistoric population trends which can compare with long-term,
continuous palaeoclimate archives.
Up to the present, although inevitably drawing on imperfect
evidence, scholars have attempted to access information about
prehistoric demography in a number of different ways
(Chamberlain, 2006; Bocquet-Appel, 2008), summarized by two
principal methods: genetic and archaeological. A rapidly increasing
body of both modern and ancient genetic data has been used to
examine past population size trends on various temporal and
spatial scales (Haak et al., 2005; Atkinson et al., 2008; Gignoux
 et al., 2013), but this
et al., 2011; Zheng et al., 2011, 2012; Aime
remains strictly inferential and fraught with technical difﬁculties
(Riede, 2009). In addition, the population trend lines in genetic
records are too smooth and monotonic to be scientiﬁcally comparable with ﬂuctuating climate curves. Archaeological records are
considered much better than genetic data for prehistoric population density reconstruction (Riede, 2009); the time-series analysis
of archaeological site numbers, site density, size and distribution
has been extensively accepted and applied in many studies to
interpret population dynamics and their association with climate
change (Li et al., 1993; An et al., 2004; Tarasov et al., 2006; Li et al.,
2009; Wagner et al., 2013; Zhuo et al., 2013). However, due to
coarse time resolutions and variable age controls, simply converting site numbers to human population size may not provide accurate enough information when comparing these with climate
records in a given space and time period (Tarasov et al., 2006). In
light of these methodological difﬁculties, what proxy from
archaeological records can we use to track exactly the changes in
human population history?
Beginning with the pioneering work done by Rick (1987), investigators have increasingly used the data derived from archaeological radiocarbon dating to reconstruct trends in regional
prehistoric populations (e.g. Gamble et al., 2004, 2005; Barton et al.,
2007; Shennan and Edinborough, 2007; Riede, 2009; Hinz et al.,
2012; Williams, 2012). Such research has been based on the
reasonable assumption that frequency distributions of archaeological radiocarbon ages can act as a proxy for prehistoric demography since a larger population will result in greater production and
deposition of cultural carbon, therefore providing more determinations (Holdaway and Porch, 1995; Surovell and
Brantingham, 2007; Munoz et al., 2010; Peros et al., 2010). This
method's supposition that, with sufﬁcient numbers of radiocarbon
dates from large regions, numerous sites and investigators, the
changes in their frequency distributions are a reliable indicator of
the population ﬂuctuations, has been widely approved (Kuzmin
and Keates, 2005; Peros et al., 2010; Anderson et al., 2011). Moreover, the main advantage of radiocarbon is that it provides a more
precise chronological framework than the molecular clock and the
use of phases as a cultural measure of time (Gamble et al., 2005).
Although the reliability of this approach can encounter problems
such as a taphonomic bias in site; archaeological sampling and/or
dating biases; variable sample sizes; a varied quality of the dates
themselves; and the artiﬁcial effect arising from radiocarbon calibration curve (Surovell et al., 2009; Steele, 2010; Ballenger and
Mabry, 2011; Bamforth and Grund, 2012; Williams, 2012), there
are several strategies which have been proposed to handle these

problems and improve the use of radiocarbon data, thus making
population estimates more reliable (Williams, 2012).
Temporal radiocarbon frequency distributions, which are
commonly presented as summed probability plots or frequency
histograms of calibrated 14C dates, have been extensively used to
explore demographic change and its relation to climate change in
North America (Buchanan et al., 2008; Munoz et al., 2010; Peros
et al., 2010; Anderson et al., 2011; Kelly et al., 2013; Miller and
Gingerich, 2013); Europe (Gkiasta et al., 2003; Gamble et al., 2005;
lezTurney et al., 2006; Shennan and Edinborough, 2007; Gonza
riz et al., 2009; Hinz et al., 2012; Tallavaara and Sepp€
Sampe
a,
2012; Shennan et al., 2013; Wicks and Mithen, 2014); Siberia and
the Russian Far East (Dolukhanov et al., 2002; Kuzmin and Keates,
2005; Fiedel and Kuzmin, 2007); Australia (Turney and Hobbs,
2006; Smith et al., 2008; Williams et al., 2008, 2010; Williams,
2013); West Asia (Maher et al., 2011); the Sahara (Kuper and
€pelin, 2006); and South America (Delgado Burbano, 2012;
Kro
ndez Melgar, 2013;
Bueno et al., 2013; Martínez et al., 2013; Me
Prates et al., 2013; Rademaker et al., 2013). Most of these studies
argue that there is a correlation between climatic and demographic
changes, but some ﬁnd no evidence to support the relation (e.g.
Buchanan et al., 2008; Maher et al., 2011; Shennan et al., 2013),
indicating the necessity of further research into many other regions
along similar lines and using the same methods.
Some scholars, using the existing methodology, have argued
that the summed probability curves of radiocarbon ages are a more
rigorous indicator of population history than simple frequency
plots (Holdaway and Porch, 1995; Smith et al., 2008), because the
process of accumulation of the probability distributions of a large
number of dates gives a high degree of chronological precision for
exploring population changes in considerable detail (Shennan,
2013). Radiocarbon probability curves are also continuous time
series records that permit the investigation of large-scale temporal
population changes within a region, and a direct comparison with
paleoclimate records (Smith et al., 2008; Williams, 2012). Thus, the
summed probability distributions of calibrated radiocarbon ages
are used as the mainstay of population history reconstruction to
explore whether its history may be associated with climate change
(Williams, 2012; Shennan, 2013).
However, in China, the technique has rarely been applied until
now. The few existing applications either focused merely on single
site or narrow areas or were based on small sample sizes and short
timescales (Barton et al., 2007, 2009; Ma et al., 2012a; Dong et al.,
2013). Thus, neither prehistoric population ﬂuctuations
throughout China nor how they respond to climate change over
long timescales are explicitly delineated. This situation may be due
to the lack of an available archaeological 14C database in China such
as the Canadian Archaeological Radiocarbon Database (CARD) in
Canada (Morlan, 2005), the S2AGES database in Europe (Gamble
et al., 2004) and the AustArch database in Australia (Williams,
2012), alongside detailed analysis of these radiocarbon data. In
this paper, we report on the synthesis and compilation of a database of 14C dates from archaeological sites in China, and then use an
analysis of summed probability distributions of these radiocarbon
data to reconstruct the broadly long-term population history at a
regional to country-scale based on critically assessing the effects of
biasing factors, ﬁnally testing whether this correlates with records
of climatic variability in China over the past 50 ka.
2. Regional setting
2.1. Environmental setting
Situated in the eastern part of Eurasia and on the west coast of
the Paciﬁc, mainly between latitudes 20 and 54 N and between
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Fig. 1. Map of China showing its geographic environment and four major geographic areas. The arrows indicate the Asian monsoon system.

longitudes 73 and 135 E, China has a vast land area of
9.6 million km2 (Fig. 1). With deserts, highlands, and mountain
ranges stretching along its northern, western, and southwestern
borders, and oceans embracing its eastern and southeastern shores,
China has a relatively isolated geographic environment characterized by topographic and climatic diversities.
There are three distinct topographic levels within China,
exhibiting a stepped decrease in altitude (Fig. 1) from the QinghaiTibetan Plateau with a mean altitude of 4000 m, to the Inner
Mongolian, Loess, and Yunnan-Guizhou Plateaus and the Tarim,
Junggar and Sichuan Basins, each with an average elevation of
1000e2000 m, then on to the vast eastern low alluvial plain with an
average altitude of 200e500 m. Due to these topographic conditions, most river systems in China ﬂow from west to east, including
the two great rivers: the Yellow River in the north of China and the
Yangtze River in the south of China. The two river basins are
commonly viewed as main regions where human activities developed early and as the major centres of early Chinese civilization.
China's climatic conditions are primarily controlled by the Asian
monsoon system (Fig. 1), and therefore exhibit strong seasonal and
spatial contrasts in temperature and precipitation. In winter, the
winter monsoon brings cold and dry continental air southward to
latitude ca. 22 N, meaning that most of the country experiences
low temperatures and drought. In contrast, warm and wet maritime air ﬂows inland from the Paciﬁc and Indian Oceans during the
summer, producing rainfall in the form of cyclonic storms. Due to
the northwestward attenuation of summer monsoon winds, precipitation declines noticeably with increased distance from the
ocean. Except for the Qinghai-Tibetan Plateau, summer

temperatures are universally high throughout most of the country,
but extreme temperature differences occur between north and
south in winter.
The entire country can be broadly divided into four major
geographic areas (Fig. 1) on the basis of the natural environment
(Zhao, 1983): the humid or subhumid monsoonal North and South
region, the arid or semi-arid Northwest region and the alpine cold
and dry Qinghai-Tibetan Plateau. More information about the
present environment of each region can be seen in Supplementary
Material.
For the selected period, present high-resolution palaeoclimatic
records (Thompson et al., 1997; Wang et al., 2001) indicate that the
broad trend of climate change in China is in concert with global
trends, in general experiencing the Marine Isotope Stage 3 (MIS3,
50e26.5 ka cal BP), LGM (26.5e19 ka cal BP), Last Deglacial Warming
(LDW,
19e11.5
ka
cal
BP)
and
Holocene
Epoch
(11.5 ka cal BPepresent). Moreover, there have been a series of global
climatic events which have also been experienced in China such as
the DansgaardeOeschger Oscillations, the Heinrich and YD events
(YD, 12.9e11.5 ka cal BP) during the LG, and the megathermal episodes in the Holocene (8.2 ka cal BP, 5.3 ka cal BP and 4.2 ka cal BP).
Nonetheless, the timings, intensity and characteristics of these climatic changes in China are inconsistent. This apparent phenomenon
and its mechanisms are still a matter of debate.
2.2. Cultural setting
About 50 ka cal BP, human culture entered the Upper Paleolithic
period (Zhang et al., 2003). Archaeological evidence clearly
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demonstrates the presence of human beings in China throughout
the Upper Paleolithic period 50e30 ka cal BP (Bar-Yosef, 2002;
Zhang et al., 2003; Wu, 2004; Xia, 2012) (Supplementary
Table S1). Modern Homo sapiens fossils or cultural remains have
been discovered in all parts of China except in the Xinjiang Uyghur
Autonomous Region (Zhang et al., 2003). The major Upper Paleolithic cultures of China experienced signiﬁcant innovation in technology and can be broadly divided into two systems: North China,
characterized by microblades, core-and-ﬂake tools, and grinding
stone tools; and South China, dominated by pebble stone tools such
as pebble scrapers and pointed choppers (Zhang, 1999; Zhang et al.,
2003; Liu and Chen, 2012; Qu et al., 2013). However, during the
Chinese late Upper Paleolithic (ca. 23e12 ka cal BP), the most major
invention by foragers may be the making of pottery, dated to
ca. 20e17 ka cal BP in South China (Boaretto et al., 2009; Bar-Yosef
and Wang, 2012; Wu et al., 2012; Qu et al., 2013) and to
ca.12.4 ka cal BP in North China (Kuzmin, 2013a, b).
From ca. 12.5e9 ka cal BP, human culture in China experienced a
transition from a Paleolithic culture to a Neolithic culture (Liu and
Chen, 2012; Xia, 2012). During this transitional phase several
technological innovations and social developments occurred,
including an increasingly sedentary lifestyle, an increasing use of
pottery and polished stone, an strengthened exploitation of plant
foods, the germination of cereal cultivation and the use of storage
facilities, all of which led to pronounced population growth (Liu
and Chen, 2012; Xia, 2012).
The development of Neolithic cultures in China began at
ca. 9 ka cal BP and continued to ca. 4 ka cal BP (Liu and Chen, 2012).
The Neolithic period in China can as a rule be divided into three
phases: the Early Neolithic Age (9e7 ka cal BP); the Middle
Neolithic Age (7e5 ka cal BP); and the Late Neolithic Age
(5e4 ka cal BP) (Liu and Chen, 2012). During these phases, Neolithic
cultures ﬂourished in different parts of what is now modern China
and some unique cultural regions arose (Yan, 2000; IA CASS, 2010)
(Supplementary Table S2), but the types of technology used, subsistence strategies and complexities of societal organization vary
widely among different phases and areas. After ca. 4 ka cal BP, China
entered the Bronze Age, a critical phase for the formation of Chinese civilization.
3. Materials and methods
3.1. Archaeological data
In order to compile a relatively comprehensive database of
archaeological radiocarbon ages for China, we conducted an
exhaustive review of the relevant literature to locate already
available radiocarbon dates. The radiocarbon ages recorded in the
database were mainly obtained from published archaeological 14C
determination datasets, reports, review papers, completed research
dissertations, supplemented by a few unpublished dates provided
by individual researchers. Following established protocols (Munoz
et al., 2010; Williams, 2012), radiocarbon dates labelled as anomalous, contaminated, or not from anthropogenic contexts in the
sources were not included. All dates were reported in years before
present (BP, before present ¼ 1950 CE) and based on the Libby halflife of 5568 yr with a 1s standard deviation. The calibration of 14C
was conducted using the OxCal 4.2.3 program (Bronk Ramsey,
2009) and IntCal13 curve (Reimer et al., 2013) with ranges
expressed both at 1s (68.2%) and 2s (95.4%) conﬁdence level. All
calibrated ages reported were referred to as “cal BP”.
For each date in the database, some additional information was
included (see Supplementary databaseⅠ). However, owing to a lack
of completeness and differing terminologies within some publications, information was not always uniformly expressed and was

also occasionally incomplete. Moreover, there was a wide range in
the quality and availability of site location information. Thus, we
not only gathered site coordinates from primary references, but
also veriﬁed the accuracy of these data using a Google Earth
program.
Although all published archaeological radiocarbon dates were
included in the database at the time of writing, this paper did not
consider some ages in the following analysis. We screened uncalibrated 14C dates using the criteria described by Roosevelt et al.
(2002) and Maher et al. (2011) with slight modiﬁcations: 1) those
dates
that
evinced
high
error
bars
(1s
standard
deviation > 400 14C yr); 2) those dates that were based on shells,
soils, unknown materials or other materials inappropriate for
dating; and 3) those dates derived from sites or materials that had
weak associations with human occupation or settlement, such as
ancient temples, pagodas or canoes. We eliminated from our
analysis all dates that fell within the above criteria. In some cases
where there were dates derived from several sample materials such
as charcoal and shell, or charcoal and charred millet seed, both
rendered in the same context, the most reliable dating material was
chosen. The retained dates were considered as sufﬁciently reliable
for the following analysis.
Another important method for critically assessing general demographic trends was to standardize inter-site variations in dating.
In other words, we calculated minimal occupation events as the
unit of analysis by combining more than one 14C date. We did this to
reduce the over-representation of some sites or site-phases where
scientists had conducted intensive archaeological investigation and
dating efforts, because the prejudicial effects of non-uniform
research and/or sampling bias may inﬂuence the results gained
when reconstructing demographic trends at different sites or
phases. Thus, after data screening, occupation events were assigned
an average value from multiple dates from a single site whenever
those dates were statistically indistinguishable at a ¼ 0.05 according to Ward and Wilson's c2 test (Ward and Wilson, 1978). The
R_Combine function in the OxCal 4.2.3 program (Bronk Ramsey,
2009) was used to perform this c2 test and obtain the averaged
values.
We then calibrated these averaged dates (95.4% conﬁdence) and
generated summed probability values for the whole nation and
regions using the Sum function in the OxCal 4.2.3 program (Bronk
Ramsey, 2009) and the IntCal13 calibration curve (Reimer et al.,
2013). We also applied the empirical model proposed by Surovell
et al. (2009) to correct for taphonomic bias, as it is assumed that
older dates may be underestimates due to natural destructive
processes (Surovell and Brantingham, 2007; Surovell et al., 2009).
After correcting, the data were standardized by Xi/Xmax, where Xi is
each single value and Xmax is the maximum value in the series.
Williams (2012) recommended a 500e800 yr moving average to
offset the effects of the calibration process which are expressed as
artiﬁcial peaks and troughs of the plateaus and steep areas on the
calibration curve, thus, given the long temporal range 0e50/
10e50 ka cal BP we prefer an 800 yr moving average. The resultant
summed probability values were then plotted along the abscissa in
decadal intervals according to cal BP. The major peaks and troughs
in these summed probability distributions were taken as evidence
of larger and smaller populations, with the steepness in the
gradient of an increase or decrease showing the rapidity and
amplitude of the population rise or fall (Gamble et al., 2005;
Bamforth and Grund, 2012).
It should be noted that for the last 10 ka cal BP, the summed
probability values were de-trended to remove any directional trend
after correcting for taphonomic bias and standardizing. A polynomial curve was ﬁrst ﬁtted to the probability plot, the polynomial
equation then formulated, and the ﬁtting values calculated. The
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Fig. 2. Distribution of archaeological sites in China contributing radiocarbon dates to the database.

residuals of probability values were then obtained by subtracting
the ﬁtting from the original values. After this, a 500 yr smoothing
was used to smooth the de-trended residual values (see
Supplementary Figure S1). The subsequent plot was used to reﬂect
relative ﬂuctuating levels of population size.

archaeological data. In addition to identifying this linkage visually,
a Pearson correlation coefﬁcient analysis was also performed to
statistically examine whether the observed demographic patterns
correlate with climate changes (see Supplementary material).
4. Results

3.2. Palaeoclimatic records
4.1. Summary of the radiocarbon database
Four long-term, continuous, high-resolution palaeoclimatic records were compared to the summed radiocarbon probability distributions for the last 50 ka. The GISP2 (72.6 N, 38.5 W) delta 18O
values and reconstructed temperature results from the Greenland
ice sheet were utilized to indicate variations in global temperature
(GISP2, 1997; Alley, 2004), with larger delta 18O values indicating a
warmer climate. Records of oxygen isotope variations from Hulu
(32.5 N, 119.2 E) and Dongge Cave (25.3 N, 108.1 E) stalagmites
were used to indicate decadal-scale changes in Asian monsoon
intensity over China (Wang et al., 2001; Dykoski et al., 2005). Lower
delta 18O values indicate stronger summer monsoons (warm/wet),
and higher delta 18O values indicate greater winter monsoon intensity (cold/dry). Comparative studies indicate that colder hemispheric temperatures shown in the Greenland ice core records
correspond to weaker summer monsoon intensity (Wang et al.,
2001), and that precipitation from tropical sources is very low
during glacial periods. Pollen records from Lake Daihai (40.5 N,
112.6 E) (Xiao et al., 2004) in north-central China were used as a
direct indication of the Holocene Asian monsoon climate and variations in vegetation, with higher arboreal pollen percentages
indicating more tree cover and a warmer climate. These palaeoclimatic records provide robust information about global and/or
regional temperature and moisture changes and should enable
further discussion of such changes as reﬂected by Chinese

Currently, a total of 4656 radiocarbon dates from 1063 archaeological sites are included in the database (Fig. 2). The dates span
the 14C period ca. 43 to 0.1 ka BP, but the strongest data are within
the last 10 ka. Following Williams' (2012) suggestion, we also report
that the mean standard deviation (DT) for the entire sample was
99.96 years. Over 98% (n ¼ 4565) of the dates have errors of 400
years or fewer, and about 80% (n ¼ 3707) of the dates have errors of
100 years or fewer (Fig. 3).
The spatial distribution of the dated cultural sites was uneven
throughout China, as Fig. 2 shows. The majority of dated sites were
located in North China (47.0%) and South China (33.6%), with dense
clusters in the upper and middle Yellow River Valley and lower
Yangtze River Valley, encompassing the major distinct cultural regions. Northwest China and the Qinghai-Tibetan Plateau had fewer
dated sites, taking up only 11.6% and 7.8% of the total (Table 1). Over
half of the radiocarbon dates were obtained from sites in North
China (51.4%). In contrast, the total number of dates from Northwest
China and the Qinghai-Tibetan Plateau did not reach 20% of the
database (Table 1). However, the average number of 14C dates per
site (sampling density) was not obviously different between the
various regions (Table 1), indicating relatively even regional dating
processes, but this average may also be inﬂuenced by the high
number of 14C dates yielded by speciﬁc sites.
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Holocene

GISP2

Last Glacial

B

Population
14C ages: 3878
sites: 888
events: 1644
China

Fig. 3. Histogram (50-years bin) of the
cumulative proportions.

14

C errors for uncalibrated dates and their

The database also contained a wide variety of archaeological site
types. The sites are mostly open-air settlements and shell middens
(71.2%; n ¼ 757); graves are fewer (16.2%; n ¼ 172), and cave and
rock-shelter sites are scarce (3.5%; n ¼ 37). The relevant information
of the dating method applied and materials chosen in the database,
which are signiﬁcant in evaluation dating reliability, was also
summarized and provided e see Supplementary material.
According to the screening criteria described above, we rejected
778 14C dates (Table 1). The remainder of the database contained
3878 dates (DT ¼ 82.64 yr) from 888 archaeological sites providing
1644 occupation events or average values (DT ¼ 75.43 yr)
(Supplementary databaseⅡ). On a regional basis, these occupation
events occurred at 431 sites in North China (49%; n ¼ 807 events
from 2131 dates), 287 sites in South China (33.2%; n ¼ 545 events
from 1089 dates), 98 sites in Northwest China (11.3%; n ¼ 186
events from 434 dates) and 72 sites on the Qinghai-Tibetan Plateau
(6.5%; n ¼ 106 events from 224 dates).
The number of dates in overall dataset (n ¼ 4656) greatly exceeds Williams' (2012) suggested minimum sample size of 500. As
he pointed out, this sufﬁciently large regional sample from a large
assembles of sites could be seen as a quasi-random sample without
site and period level biases, and thus believed statistically reliable
for a robust summed probability distribution reﬂecting actual trend
in population. As such, the sample size of screened dataset
(n ¼ 3878) and averaged dataset (n ¼ 1644) is also large, and each
subset both has shown good correlation with the overall dataset (as
follows: r ¼ 0.992, P < 0.001; r ¼ 0.971, P < 0.001; see
Supplementary material), producing an accurate representation of
the overall trend. In addition, with the aid of strategies described
above, we assume that we can mitigate different biases in these

Table 1
Radiocarbon dates from archaeological sites in China, summarized by region. The
sampling density was calculated as an average of dates/sites.
Region

No. 14C
dates

North
South
Northwest
Qinghai-Tibetan
Plateau
Total

2395
1400
592
269
4656

No. dated
sites

Sampling
density

Dates
rejected

500
357
123
83

4.79
3.92
4.81
3.24

264
311
158
45

1063

4.38

778

Fig. 4. Summed probability distribution of calibrated radiocarbon dates in China over
the last 50 ka, compared to the GISP2 ice core delta 18O record (GISP2, 1997). The black
arrow indicates the threshold of signiﬁcant population growth, and the dotted line
shows the boundary between the LG and the Holocene.

data, and the resultant summed probability distributions give as
valid an estimation as possible of the prehistoric demographic
change.

4.2. Demographic trends and ﬂuctuations inferred from
radiocarbon data
Fig. 4B shows the resulting summed radiocarbon probability
curve for China, compared to the GISP2 delta 18O record (Fig. 4A),
and concentrating upon the past 50 ka. The curve should be
interpreted in broad terms, where large-scale peaks or troughs
indicate an actual increase or decline in population density. We
would caution against interpreting small-scale ﬂuctuations in
summed probability distributions as indicative of major demographic changes.
In broad terms, the shape of the summed probability distribution (Fig. 4B) suggests a long-term, exponential-like increasing
trend with a boomebust pattern in population size between ca. 50
to 2.8 ka cal BP, with a dramatic decline occurring during the last
2800 years. This curve also shows that populations were consistently low with a pattern of frequent ﬂuctuations from ca. 50 to
9 ka cal BP, a period before the Neolithic Age or the Agricultural
Revolution when climate frequently experienced large-scale ﬂuctuations during the LG (Fig. 4A). Subsequently, there is a period of
rapid and geometric population growth lasting from ca. 9 to
5 ka cal BP when the mean population increase was nearly two-fold
per millennium, within which there is a second growth started at
ca. 7 ka cal BP. Thereafter, the population size remains high as a rule
with some ﬂuctuations until ca. 2.8 ka cal BP. In order to observe the
ﬂuctuations in this summed probability distribution in detail, the
plot was then broken down into periods.
Fig. 5C shows the summed radiocarbon probability plot as
compared with palaeoclimatic records (Fig. 5A and B) from 50 to
10 ka cal BP, which is most likely the period of the last glaciation.
The summed probability distribution exhibits a minor rising broad
trend with many ﬂuctuations through time, including a number of
troughs. We note that six of these are relatively major in scale,
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indicating a period of signiﬁcant decline in population. The ﬁrst
period of population decline begins ca. 46 ka cal BP, coincident
within error with the start of the Heinrich event 5 seen in the
Greenland and Hulu Cave records (Fig. 5A and B). This decline lasted
ca. 3 ka, and reached a minimum at ca. 43 ka cal BP. Between ca. 41
and 38 ka cal BP, the population experienced a second, abrupt
decline and a phase of low density, coeval in timing with Heinrich
event 4. Human population was extremely low at
ca. 38e36 ka cal BP, and then grew to reach a peak at 34 ka cal BP.
After a minor trough, the population again reached a peak at
ca. 31 ka cal BP.
The third major population decline began at ca. 31 ka cal BP,
correlating well with the onset of Heinrich event 3 (Fig. 5). The
population size was relatively small but still larger than that of
previous troughs reached ca. 31e28.6 ka cal BP; following this
period a signiﬁcant peak in population occurred. After about
27.8 ka cal BP, population sharply declined and then kept a stable
trend with a series of pulses between ca. 27.5 to 10 ka cal BP. During
this period, the fourth pronounced population decline occurred at
ca. 25 ka cal BP, continuing until 23.5 ka cal BP, in tandem with
Heinrich event 2. Then it is clear that a population plateau appeared
between 23.5 and 19 ka cal BP.
Population began its ﬁfth period of major decline at
ca. 18 ka cal BP, this decline lasting for about 1.2 ka and reaching its
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Fig. 5. Graphic comparison between radiocarbon and climate records: (A) GISP2 delta
18
O record from Greenland (GISP2, 1997) as a proxy for global temperature; (B) delta
18
O record of the Asian monsoon strength from Dongge Cave stalagmite D4 (red)
(Dykoski et al., 2005) and Hulu Cave stalagmites PD (black) and MSD (blue) (Wang
et al., 2001); (C) summed probability distribution of radiocarbon dates from 50 to
10 ka cal BP, showing the trends and ﬂuctuations in population. Blue vertical bars
denote the YD and Heinrich events and associated declines in human population
across China. MIS3: Marine Isotope Stage 3 (50e26.5 ka cal BP); LGM: Last Glacial
Maximum (26.5e19 ka cal BP); pG: Post-Glacial period (19e10 ka cal BP). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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nadir at ca. 15.2 ka cal BP, when Heinrich event 1 occurred. The
population then appears to have increased rapidly until
ca. 13 ka cal BP, when the climate progressively became warmer and
wetter during the stable, global BøllingeAllerød warming interval.
This population growth was punctuated by the sixth major decline
in population, between ca. 13 and 11.4 ka cal BP, coinciding well
within error with the time of the YD stadial. After that, the population regrew until 10 ka cal BP, linked to the climate amelioration
of the early Holocene. Apart from the visually good correspondences, the correlations between demographic changes and Heinrich/YD events were also proven as statistically signiﬁcant
(Supplementary Table S4), suggesting a possibility that the major
population declines were driven by the rapid cooling events of the
LG.
Fig. 6D shows the de-trended summed probability plot for
the last 10 ka compared with palaeoclimatic records
(Fig. 6AeC); this was used to detect the details of relative
population ﬂuctuations within the signiﬁcant increasing trend
during this period (Fig. 4B) and their relation to climate change.
Three major periods of high population levels can be recognized
(Fig. 6D). The ﬁrst one was ca. 8.5e7 ka cal BP, reaching a peak
at ca. 7.7 ka cal BP, when temperatures and moisture levels
reached their heights. The second and third periods of high
population
levels
are
ca.
6.5e5
ka
cal
BP
and
ca. 4.3e2.8 ka cal BP, coincident with the climate becoming
generally warmer and wetter. As such, there is a statistically
good correlation between these population increases and mild
climate even though the radiocarbon data can not completely
correlate well with the chosen climate proxies (Supplementary
Table S5). These three periods of high population levels appears to correspond with Neolithic and Bronze Age cultural
prosperity in China; further, the periods of low population
levels (e.g. ~7e6.5 ka cal BP, ~5e4.5 ka cal BP) correspond well
with the transitional phases of ancient cultures, probably
associated with the cold-dry climatic conditions represented by
the high delta 18O values from Dongge Cave and the low
arboreal pollen percentages from Lake Daihai (Fig. 6B and C).
The summed radiocarbon probability plot for the entire data
(Fig. 4B) is broken down into the four regions in Fig. 7, focussing on
the last 50 ka. These plots suggest that demographic patterns differ
between these four regions. Population growth in North and South
China began early and was mostly constant, although some ﬂuctuations existed; conversely that of Northwest China and the
Qinghai-Tibetan Plateau started later and was often discrete.
Especially for the Qinghai-Tibetan Plateau, human activity was not
present until 15 ka cal BP. Fig. 4B elucidates how rapid and geometric population growth for the whole of China began
ca. 9 ka cal BP, following which roughly similar trends were displayed in all four regions (Fig. 7). However, a more sustained
growth in population in the Qinghai-Tibetan Plateau and Northwest China is likely to have begun ca. 6 ka cal BP, largely falling
behind North and South China.
We could postulate that periods of abrupt climatic cooling
correlated directly with the decline or collapse of populations in
these regions (Fig. 7), but depressions in population amplitude
appear different between regions. For example, at the coldest phase
of the LGM no population entered the Qinghai-Tibetan Plateau and
the population of Northwest China collapsed, but population
growth in North and South China was not punctuated. Populations
in Northwest China and the Qinghai-Tibetan Plateau sharply
declined during the YD, displaying no signs of human activity for a
substantial period; at the same time, the population in South and
especially in North China declined relatively little. We would suggest, therefore, that human population to climate change varied
geographically.
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Fig. 6. Graphs of radiocarbon and climate records: (A) temperature reconstruction
from GISP2, Greenland (Alley, 2004); (B) delta 18O record from Dongge Cave stalagmite
D4 (Dykoski et al., 2005); (C) arboreal pollen percentage from Lake Daihai (Xiao et al.,
2004); (D) 500 yr smoothed residuals of summed radiocarbon probability for the past
10 ka, showing relative growth and decline in population. Red vertical bars denote the
warm-wet climatic periods and phases of high population levels. NeP: NeolithicePaleolithic transition period (~9 ka cal BP); EN: Early Neolithic period
(9~7 ka cal BP); MN: Middle Neolithic period (7~5 ka cal BP); LN: Late Neolithic period
(5~4 ka cal BP); BA: Bronze Age (4~2 ka cal BP); HP: Historic Period
(2 ka cal BP ~ present). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

5. Discussion
5.1. The onset of major population expansion in China
It is an important question in archaeology and anthropology
whether major human population expansion began after the
advent of agriculture, i.e., the Neolithic revolution (Zheng et al.,
2011). The invention of agriculture has been generally considered
to be critical to the rapid expansion of human population (Stiner,
2001; Diamond, 2002; Gupta, 2004; Bocquet-Appel, 2011;
Gignoux et al., 2011). However, recent mitochondrial DNA (mtDNA)
studies of global populations suggest that major population
expansion started during Paleolithic times, likely predating the
emergence of farming (e.g. Laval et al., 2010; Zheng et al., 2011,
 et al., 2013). According to this research, population
2012; Aime
expansion in East Asia, especially in China, started at 13 ka cal BP
and lasted right until 4 ka cal BP (Zheng et al., 2011). Despite the
systematic work done by molecular anthropologists, dating of this
major population expansion in China is still not explicit, due largely
to the uncertainty of the chronological framework provided by the
molecular clock.
Used as a proxy for prehistoric demography radiocarbon records
possess more precise age controls and provide an alternative

answer to this conundrum. The population history of China
reconstructed from radiocarbon data suggests that the main population expansion began ca. 9 ka cal BP (Fig. 4), correlating well
with the onset of the Neolithic in China (Liu and Chen, 2012). The
rapid and substantial population growth trend in Neolithic China is
also consistent with the population reconstruction put forward by
Li et al. (2009), based on site numbers, site sizes and distribution
patterns.
Although the dating of the onset of agriculture in China remains
controversial amongst archaeologists, some recent studies have
traced the origin of millet and rice cultivation in China to
10 ka cal BP (Barton et al., 2009; Lu et al., 2009; Bettinger et al.,
2010; Zhao, 2011; Yang et al., 2012). Between ca. 9e7 ka cal BP,
there was transitional period from hunting and gathering to agriculture, followed by the gradual establishment and widespread
practice of millet and rice agriculture after ca. 7e6.5 ka cal BP
(Fuller, 2007; Barton et al., 2009; Bettinger et al., 2010; Zhao, 2011).
Our results clearly show that in China, major population expansion
occurred after the appearance of agriculture, the second dramatic
expansion taking place ca.7 ka cal BP when agriculture was gradually being established. New food production practices enabled
people to have stable food supplies, establish permanent settlements and expand their cities, thus facilitating pronounced human
population growth.
It is also reasonable to suggest that the onset of agriculture and
the subsequent population expansion were linked to climatic
amelioration in the early Holocene, as shown in numerous paleoclimatic records (Wang et al., 2001; Dykoski et al., 2005; Peterse
et al., 2011). Moreover, the results allow us to infer that climate
change and technological development have both played a major
role in shaping the history of prehistoric human demography.
5.2. The human population history of China as related to abrupt
climatic changes in the LG
A widely-held perspective on the interaction between climate
change and human history is that warm and wet conditions facilitate the evolution of human populations, and, conversely, cold, dry
events impose severe stresses that force human populations to
contract (An et al., 2004; Yancheva et al., 2007; Zhang et al., 2008;
€, 2012). Previous research has suggested that
Tallavaara and Seppa
the severe, cold-dry climatic downturns in the LG, especially the YD
and/or the LGM, profoundly affected human adaptability, and
caused signiﬁcant a downturn and/or reorganization in the Clovis
populations of North America (Lovvorn et al., 2001; Newby et al.,
2005; Firestone et al., 2007; Anderson et al., 2011), a decline in
settlement density at the beginning of the Late Natuﬁan in Levant
(Belfer-Cohen and Bar-Yosef, 2000; Grosman, 2003; Byrd, 2005)
and scant human occupation in North China (Barton et al., 2007).
However, some scholars have also questioned whether there is
enough evidence available to correlate cultural changes with dramatic climatic events, and have even found cases of no decline in
population during these cold-dry events (Buchanan et al., 2008;
Holliday and Meltzer, 2010; Maher et al., 2011; Miller and
Gingerich, 2013). In a further critical paper, the YD population
collapse in North America identiﬁed from radiocarbon record has
been even considered as an artefact of calibration curve rather than
demographic information (Bamforth and Grund, 2012) that requires further testing.
Such contrary results indicate that more work needs to be done
to prove that the abrupt climatic changes in the late Pleistocene had
an appreciable impact on its early inhabitants. Our population
reconstruction from radiocarbon data for China shows that major
decreases in human populations ﬁt well with well-documented
and dated palaeoclimatic cooling/drying events such as the
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Fig. 7. Summed probability distributions of calibrated radiocarbon dates in China, partitioned into regions. It should be pointed out that the heights of the curves are standardized
within each region, so they cannot be used to compare demographic levels between one region and another. The dotted line indicates the onset of pronounced population growth.

Heinrich and YD events, indicating that the millennial-scale climatic ﬂuctuations during the LG might have indeed exerted a great
inﬂuence on human populations in China.
The Heinrich events are global rapid-cooling events marked by
several environmental changes (Bond et al., 1992, 1993). In China,
many lines of paleoclimatic evidence have indicated a stronger
winter monsoon dominated the region during these events (Porter
and An, 1995; Lu et al., 1996; Wang et al., 2001; Zhang et al., 2004).
The extremely cold-dry conditions severely affected huntergatherers, the shrinkage in plant and animal distributions placing
the human population under stress. With the sudden onset of frost
risk, drought and dwindling resources, most of human populations
had no time to adjust their subsistence strategies to suit the new
environment and they thus disbanded or were extirpated, with a
few surviving to wait for the resumption of warming.
The YD event marks a prominent return to glacial-like cold-dry
conditions during the last deglaciation. Recognized as a global climatic event, Andres et al. (2003) pointed out that the YD witnessed
a temperature drop of approximately 6  C. Although the extent of

changes in temperature and precipitation during the YD varied
between regions and proxies (Peterse et al., 2011), the abrupt
cooling and drying typical of the YD was approximately the same
throughout China (An et al., 1993; Wang et al., 2001; Shen et al.,
2005; Hong et al., 2010; Ma et al., 2012b). The YD cold event
could have caused dramatic ecological change and extinction and/
or reduction of key species, all of which would clearly affect the
resources available to hunteregatherers. These difﬁculties caused
the human populations of China either to disintegrate or migrate to
more favourable areas which might otherwise have been adverse to
population.
This correlation is similar to the relation between Clovis population decline and the YD event in North America (Firestone et al.,
2007; Anderson et al., 2011). However, patterns of responses by
the population to the YD are somewhat different between China
and North America. Also using a summed probability analysis of
radiocarbon dates, Anderson et al. (2011) discovered that the
climate helped reduce population density at the onset of the YD
only, with less of an impact during the latter half of the YD when
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the climate continued cool, suggesting that the human populations
of North America rebounded and adapted to the YD within a few
centuries. In contrast to this pattern, our data show that human
populations in China exhibited a continuously declining trend until
the end of the YD (Fig. 5), indicating that abrupt climate change
during the YD had a disruptive inﬂuence on human populations.
Reasons for this difference should be the subject of future research,
stressing the differences in the extent of climate change and human
adaptive strategies between the two macro-regions.
We also noted different responses to the YD by regions within
China (Fig. 7). During the YD, populations in Northwest China and
the Qinghai-Tibetan Plateau declined signiﬁcantly, even disappearing completely until ca. 9 ka cal BP, 2.5 ka after the end of the
YD. The cold-dry desert and arctic-alpine climate in the two regions
was ampliﬁed further by the YD and the environment grew
harsher, remaining unsuited to human subsistence for a long time.
The impact of the YD on North and South China was not as prolonged as in Northwest China and the Qinghai-Tibetan Plateau.
However, the extent of population decline in South China was
greater than in North China. To the best of our knowledge, there is a
possible reason which explains this difference: an important
behavioural response to the YD by hunter-gatherers in North China
(Yi et al., 2013). The YD appears to have had a capacity to push
North China foraging groups towards technological and/or behavioural innovation, and in particular the more technically
demanding microblade technology made from a narrow range of
high quality raw materials. This technology facilitated the manufacture of heavy-insulated clothing adapted to the cold environment, allowing an increased mobility in winter and the consequent
exploitation of more resources from what was a limited environment. Thus, advantageous technological innovations in North China
during the YD might have led northern populations towards a more
successful adaptation to the cold-dry conditions than that of populations in South China.
In summary, given China's marked regional geomorphological
and climatic variability, it is likely that the abrupt climatic changes
in the LG observed within different parts of China had differing
impacts dependent upon region. Nevertheless, as global climatic
ﬂuctuations, these abrupt climatic changes actually played a key
role in affecting population size throughout China, with differentlyscaled responses within the different regions, as evinced by our
radiocarbon records (Figs. 5 and 7).
5.3. Population changes in China as related to climate change and
cultural transitions during the Holocene
Our radiocarbon records suggest that human populations
expanded signiﬁcantly between ca. 9e5 ka cal BP (Fig. 4), coinciding with the Holocene megathermals or the Mid-Holocene Climatic Optimum in China (~8.9e4 ka cal BP), when the temperature
was ca. 2e4  C higher than at present (Shi et al., 1993; Zheng et al.,
1998; Wang and Gong, 2000; Ge et al., 2007; Fang and Hou, 2011).
This was accompanied by increased precipitation due to the
expansion of monsoon circulation (An et al., 2000). Rising temperatures and moisture levels in the Holocene offered a stable and
favourable environment which no longer conﬁned human beings to
limited regions and provided great opportunities for geographic
expansion. Moreover, the mild climate not only beneﬁted hunteregatherers in their search for more abundant resources, but also
favoured the cultivation and domestication of crops, offering
chances for demographic expansion.
Despite a broadly stable climate, the Holocene experienced
some climatic ﬂuctuations which also affected the growth of human populations in China. As our data show (Fig. 6), major periods
of population growth occurred during warm-wet climatic

conditions coeval in timing with ancient cultural prosperity; population decline corresponded with cold and dry conditions in which
cultural alterations occurred.
Between 8.5e7 ka cal BP, Holocene temperatures in China
reached their maximum (Fang and Hou, 2011), and the summer
monsoon was strong, with ample precipitation (Yuan et al., 2004).
Early Neolithic cultures (9~7 ka cal BP; Table S2) developed rapidly
across mainland China, and were characterized by a broad-spectrum
subsistence strategy consisting of the hunting-gathering and the
gradual domestication of animals and plants (Liu and Chen, 2012).
The warm-wet climatic conditions favoured such lifestyles and may
have allowed the acquisition and storage of sufﬁcient quantities of
food, leading to high population levels. The population peak was
ca. 7.7 ka cal BP; it then began to decline to a low level between 7 and
6.5 ka cal BP. This period marks the transitional phase of cultures
such as the PeiligangeYangshao and HoulieBeixin cultures. Climate
change might be responsible for the declining population and its
cultural transformation, because the colder/dryer conditions shown
in the palaeoclimatic records (Fig. 6) could have conﬁned available
resources and damaged the productivity of the land, thus reducing
the population and stimulating the creation of new technologies or
cultures to adapt to the new environment.
A relation between population growth and climate change is
also possible ca. 6.5e5 ka cal BP and 4.3e2.8 ka cal BP. The former
period is the most developed period of Chinese Neolithic cultures,
when the mild climate of the Holocene reached its peak (Xia, 2012).
During this period many fully-developed Neolithic communities
ﬂourished in most parts of China, expressed by an increase in site
numbers and sizes and a broad expansion into more varied
geographic regions, all suggesting a rapid growth in population (Liu
and Chen, 2012). Furthermore, with the climate favourable, farming
became a primary source of food supply in China, further leading to
a steady growth in population.
At around 5 ka cal BP, an abrupt cooling event named “Holocene
eventⅡ” occurred, punctuating the mild climate of the Holocene
megathermals and correlating with some complex social-cultural
changes (Weiss and Bradley, 2001). This climatic deterioration has
been widely documented in China and expressed as being characterized by a weak summer monsoon and low temperatures, lasting
0.1e0.5 ka (Li et al., 2003; Xiao et al., 2004; Dykoski et al., 2005; An
et al., 2006). This cold-dry episode might well have resulted in the
population decrease and social transformations evident in China
5e4.5 ka cal BP. For example, the advanced Hongshan culture in the
Liao River Valley abruptly collapsed and was replaced by the
culturally backward Xiaoheyan culture (Jin and Liu, 2002; Xia,
2012); the Yangshao culture in the Yellow River region declined
and was substituted by the Longshan culture (Liu and Chen, 2012).
The later period of population growth 4.3e2.8 ka cal BP corresponds to the late Neolithic and Bronze Age when intensive
farming, high population densities and complex, developed societies became widespread in the Yellow and Yangtze River regions,
with hunteregatherer/pastoral cultures continuing to develop in
many marginal areas (Liu and Chen, 2012). Although during this
period the Holocene megathermals ended and the climate became
generally cooler and drier than in previous periods (Feng et al.,
2004, 2006), temperatures and precipitation were still higher
than now and suited to population growth. Moreover, it is of
especial note that the fully-developed social systems and intensive
farming may be a factor for helping human beings overcome the
climatic deteriorations after ca. 3.5 ka cal BP.
5.4. Diversity of population history by region
The results of summed radiocarbon probability distributions by
region (Fig. 7) suggest that North and South China are the principal
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regions exhibiting long-term human activity and continuous populations, while the Qinghai-Tibetan Plateau and Northwest China
are the marginally populated areas, as indicated by the later
appearance of their populations and a discrete growth in human
activity. This pattern is consistent with archaeological records (Yan,
2000; Wu, 2004) which show that major Paleolithic sites and
Neolithic cultural areas mostly ﬂourished in monsoonal North and
South China.
The extreme environmental conditions of the Qinghai-Tibetan
Plateau, such as high altitudes, low temperatures, extreme aridity
and severe hypoxia, naturally conﬁned human subsistence. The
exact chronology of when and how the Qinghai-Tibetan Plateau
was populated remains a topic of debate. Some archaeological
discoveries (Huang et al., 1987; Zhang and Li, 2002; Brantingham
and Gao, 2006; Brantingham et al., 2007; Yuan et al., 2007;
Aldenderfer, 2011) and genetic research (Niermeyer et al., 1995;
Zhao et al., 2009; Peng et al., 2011; Qi et al., 2013) suggest that
the initial population of the Qinghai-Tibetan Plateau by modern
humans occurred during the MIS3 period (50e26.5 ka cal BP, but
most likely 30 ka cal BP). However, such inferences have relied
mainly on limited archaeological sites or individual samples, and
the age assessments of some early sites remain controversial (Sun
et al., 2010; Yi et al., 2011; Brantingham et al., 2013).
In contrast with the above studies, our radiocarbon records
display no signatures of early human presence on the Tibetan
Plateau during the early Upper Paleolithic, even in the relatively
warm and humid MIS3 period. Current evidence from analysis of
summed radiocarbon probabilities suggests that the initial population of the plateau began in the LDW about 15 ka cal BP. This
notion receives some support from the archaeological phenomenon of many Upper Paleolithic sites being abundant with microlithic tools after 15 ka cal BP (Madsen et al., 2006; Rhode et al.,
2007; Gao et al., 2008; Yi et al., 2011), coincident with the return
to warm and humid conditions during the BøllingeAllerød period.
Evidence from genetic studies also supports our ﬁndings. The onset
of natural selection of the EPAS1 gene, which may date the initial
colonization of the Plateau to ca. 18 ka (Peng et al., 2011), a time
close to our supposition, suggests the possibility that initial immigrants from low altitude regions initially took some time to
adapt physiologically to high-altitude hypoxia before gradually
populating the Plateau.
There is a clear hiatus ca. 12e9 ka cal BP in the Plateau's population process, suggesting that the early settlers might have died
out or migrated to low-altitude refuges, possibly due to the pronounced impact of the YD. However, genetic studies support the
existence of genetic relics of the local Paleolithic people in modern
Tibetan populations (Zhao et al., 2009; Qi et al., 2013), and microliths excavated from Neolithic sites in this area also display some of
the characteristics of Tibetan palaeoliths (Huo, 2000), both strongly
supporting the notion that the Paleolithic Tibetan populations not
only survived during this period but also intermingled with new
immigrants arriving as a result of demic and cultural diffusions (Qi
et al., 2013).
The Qinghai-Tibetan Plateau population re-emerged and
expanded ca. 9e6 ka cal BP when the climate became wet and
warm (Thompson et al., 1997; Liu et al., 2002), as supported by
recent genetic research showing the Tibetan population expanded
10e7 ka cal BP (Qi et al., 2013). During this period, the ﬁrst permanent settlements appeared (Brantingham et al., 2007; Rhode
et al., 2007), and the earliest Neolithic cultures, which originated
ca. 10 ka cal BP in northwestern China, migrated to the Plateau,
bringing agriculture expansion (Barton et al., 2009; Bettinger et al.,
2010).
Starting ca. 6 ka cal BP, the Qinghai-Tibetan Plateau population
experienced a rapid increase, developing fully during the
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favourable Mid-Holocene climate. This is in line with recent genetic
evidence, which suggests a rapid growth in the Tibetan population
after ca. 6 ka cal BP (Qi et al., 2013). This expansion was most likely
caused by the intensive farming technologies introduced by
Neolithic agricultural societies like the Majiayao culture
(6e4 ka cal BP), the Zongri culture in eastern Qinghai Province
(5.6e4 ka cal BP) and the Karuo culture in eastern Tibet
(5.3e4.3 ka cal BP) (Xie, 2002; Liu and Chen, 2012). Millet cultivation and pig domestication were important subsistence practices
(Xie, 2002; Aldenderfer, 2011), and the introduction of these
Neolithic technologies into the Plateau may have been the origin of
indigenous barley cultivation and yak domestication (Aldenderfer,
2011; Wang et al., 2011; Dai et al., 2012), providing a stable and
varied resource base for the subsequent rapid population growth.
Northwest China, mostly dominated by deserts and steppes and
located at high latitudes, has a semiarid-arid climate which acts as a
bar to human occupation. Populations expanded somewhat during
the warm and wet MIS3 period, thereafter showing an extremely
weak signature for a long time, even during the Holocene Climatic
Optimum (Fig. 7), when, as recorded in many geological sediments,
the climate of this region generally became warmer and wetter
(Xiao et al., 2004, 2009; Zhou et al., 2008; Wen et al., 2010; Yang
et al., 2010; Li et al., 2013). This has been further proved by
recent research on human activities in the Hulun Buir and Otindag
sandy ﬁelds, which used the density of the archaeological sites as a
proxy indicator to suggest a low human activity density in the region during the Holocene (Zhuo et al., 2013). However, another
possibility is that the populations were nomadic, making their
short-term encampments less visible and more difﬁcult to be
detect. Around 6 ka cal BP, the population in Northwest China
began ﬁnally to expand, and grew signiﬁcantly after 4 ka cal BP,
when intensive sedentary occupations and agropastoral activities
appeared in Xinjiang (Chen and Hiebert, 1995), and the agropastoral economies of the Hexi Corridor and the Inner Mongolian
also both ﬂourished (Xie, 2002; Liu and Chen, 2012).
Our radiocarbon data (Fig. 7) suggest North and South Chinese
populations grew along broadly similar trends. The monsoonal
climate with its synchronous temperature and precipitation patterns beneﬁtted the prehistoric population, the wide range of
geomorphological types providing opportunities for the development of varied economies. These vast geographical regions also
favoured for migration and communication between different
communities. In addition to an advantageous geography, advanced
cultural practices such as sedentism, the domestication of plants
(rice, millet) and animals (pigs, dogs) and complex social organization aided an acceleration in population growth. However, a
population bottleneck existed throughout the LG in both regions,
due to the relatively unfavourable climate. Around 9 ka cal BP, the
populations in North and South China experienced a major period
of expansion, when climatic amelioration was accompanied by the
invention of rice, millet and tropical agriculture (Zhao, 2011).
6. Conclusions
Prehistoric demographic changes and the factors affecting them
are important issues which have been intensively studied in recent
years; such research remains patchy in China. Using a database of
4656 radiocarbon dates from 1063 archaeological sites in China as a
proxy for population change, we developed summed radiocarbon
probability distributions, which were then used to explore the responses of these prehistoric populations to climatic variability and
differences in the relative sizes of regional human populations over
the past 50 ka. The results presented in this paper indicate that
abrupt climatic changes in the LG such as the YD event and the
Heinrich events had a severe impact on population growth, while
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the mild Holocene episodes beneﬁtted prehistoric populations and
cultures. We have also established that major population expansion
began in China ca. 9 ka cal BP after the appearance of agriculture
and associated with early Holocene climatic amelioration. Populations in different regions experienced different growth trajectories and exhibit varied responses to climate change due to both
regional environmental diversity and variably-developed adaptive
strategies. For the ﬁrst time we have systematically compiled
archaeological radiocarbon dates for China, providing new insights
into the long-term interconnectedness of climate change, human
culture, and population in China.
It should be pointed out that given the complexity of humaneclimate interactions and our sole concentration upon radiocarbon
dating, the results in this paper should be regarded as a ﬁrst
attempt to reconstruct population trends and the linkage between
climate change and demography in China, one which needs be
tested, improved and ﬂeshed out with multiple lines of evidence
and the most up-to-date archaeological and environmental data.
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