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Abstract It is conducive to the sustainable development of human beings in karst regions to research the mechanism of karst
rocky desertification (KRD) expansion. Whether the large-scale KRD in southwestern China is caused by climate change or
human activities is still controversial. In this study, the evolution of the KRD in southwestern China over the past 2000 years was
reconstructed through the high-precision δ13C record of stalagmites from Shijiangjun (SJJ) Cave, Guizhou Province, China. The
δ13C of the stalagmites from SJJ Cave exhibited heavy values from the Medieval Warm Period (MWP) to the Little Ice Age
(LIA). Furthermore, the δ13C records of other stalagmites and tufa from southwestern China also showed the same significant
heavy trend. Because the stalagmite δ13C could record the change of ecological environment, it indicated that the consistent
change of the stalagmites δ13C may record the process of KRD expansion in the karst regions of southwestern China. During the
MWP, the stronger Asian summer monsoon and the northward movement of the rain belt led to a dry period in southwestern
China and a wet period in northern China. In contrast, it was wet in southwestern China and dry in northern China during the LIA.
In addition, after the Jing-Kang event (JK event, AD1127) occurred at the end of the Northern Song dynasty, the political and
economic center of China migrated to southern China for the first time, which changed the population distribution pattern of
larger population in the north and smaller population in the south. Therefore, the expansion of KRD in southwestern China was
exacerbated in the MWP due to the change of climate in southwestern China, the migration of a large number of people, wars, the
large-scale reclamation of arable land, and the cultivation of large areas of crops.
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1. Introduction

Karst rocky desertification (KRD) is the process by which
the surface vegetation and soil in a karst area change to
almost no vegetation and soil, producing a rocky landscape
(Yuan, 1997; Appendix Figure S1 online). KRD is the most
serious ecological and environmental problem in the karst
regions of China and around the globe (Bai et al., 2011; Jiang
et al., 2014). In particular, the karst regions in southwestern
China cover a total area of 7.5×105 km2, accounting for 43%
of the total area of southwestern China (Zeng et al., 2016).
These areas have fragile ecosystems, a prominent contra-
diction between human beings and land, and serious soil
erosion and KRD (Figure 1). All of these factors have ser-
iously affected the sustainable development of the regional
economy (Zhang et al., 2019). Over the last few decades, the
KRD in southwestern China has been effectively controlled,
but this region will face the risk of KRD again, or even the
expansion of KRD due to global warming and frequent ex-
treme climate events (Jiang et al., 2014; Guo et al., 2015).
The intensity of human activities (such as population growth,
agricultural expansion, and wars) began to change the natural
KRD process in karst regions as early as 3000–4000 year BP
(Gams, 1991; Yassoglou, 2000; Liu et al., 2011). At the end
of the Northern Song dynasty (AD1127), the army of the Jin
Dynasty conquered Kaifeng City (Figure 1a), the capital of
the Northern Song Dynasty, and captured the Huizong and
Qinzong emperors of the Song Dynasty, resulting in the fall
of the Northern Song Dynasty, which is known as the Jing-
Kang event (JK event) in history (Dai and Bie, 2015). After
the JK event, the political and economic center of ancient
Chinese civilization migrated to Lin’an City (now Hangzhou
City) south of the Yangtze River, resulting in a population
migration from northern to southern China (Figure 1a).
Subsequently, the large-scale migration of the Chinese po-
pulation to southern China changed the natural evolution of
the ecological environment (Wei, 1986; Wu, 2000; Dai and
Bie, 2015). Therefore, it is of great significance to explore
the influence of human activities and climate change on
KRD during this period.
Cave stalagmites have become an important geological

tool for the reconstruction of changes in the paleoclimate and
paleoenvironment (Wang et al., 2001, 2005; Fleitmann et al.,
2003; Yuan et al., 2004; Wang et al., 2017; Cheng H et al.,
2019). The accurate U-Th dating of stalagmites and their
continuous and high-resolution records not only provide a
reference for global paleoclimate changes (Wang et al., 2001,
2005; Fleitmann et al., 2003; Yuan et al., 2004; Wang et al.,

2017; Cheng H et al., 2019) but also offer a great deal of
evidence for the evolution of human civilizations caused by
climate change, such as the Maya civilization, the Indus ci-
vilization, the Mesopotamian civilization, and the ancient
Chinese civilization (Polyak and Asmerom, 2001; Zhang et
al., 2008; Kathayat et al., 2017; Sinha et al., 2019). However,
most studies have focused on the stalagmite δ18O and lami-
nae proxy, and few studies have focused on the δ13C records
of stalagmites. Moreover, the δ13C of stalagmites is con-
trolled by the climatic and non-climatic factors outside the
cave (Liu et al., 2016; Li et al., 2018; Cheng K et al., 2019),
and there may be regional hydrological differences, so the
details of each record are different (Tan et al., 2015; Liu et
al., 2016; Li et al., 2018). However, compared with the δ18O
records of stalagmites, the δ13C records are more sensitive to
the changes in the ecological environment outside the cave
(Zhang et al., 2015; Liu et al., 2016). In this study, the sta-
lagmite δ13C records for southwestern China were used to
explore the influence of human activities and climate change
on KRD in karst regions over the past 2000 years.

2. Study area and samples

Shijiangjun Cave (SJJ) (26.2°N, 105.5°E, 1300 m a.s.l.) is
located in Anshun City, Guizhou Province, southwestern
China (Figure 1). It is located on the gradual slope of the
eastern part of the Yunnan-Guizhou Plateau. Guizhou is the
center of the karst area in southern China, and the karst area
accounts for 92.5% of the total area of Guizhou Province.
The KRD is the most serious in this area (Figure 1c; Bai et
al., 2011). SJJ Cave is located in the Middle and Upper
Triassic, intermediate to thick limestone dolomite (Li et al.,
2016). The landform type is a peak cluster depression. The
top of the cave is covered with about 100 m of bedrock, and
shrub vegetation is well-developed. The natural entrance of
the cave is 2 m high and 1.5 m wide, and the entire length of
the cave is about 500 m. The airflow and exchange between
the cave and the outside are very limited, and the cave
temperature remains at around 15°C throughout the year (Li
et al., 2016). Mean annual precipitation is about1400 mm (Li
et al., 2021). The regional climate is strongly affected by the
Asian summer monsoon, and the water vapor in the rainy
season mainly comes from the Indian Ocean and the Pacific
Ocean (Figure 1).
This study is based on two stalagmites, SJJ-300 and SJJ7,

which were collected from SJJ Cave. Stalagmite SJJ7 is
cylindrical overall, with three slight deviations along the
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growth axis, and experienced continuous deposition. The
total length of the stalagmite along its growth axis is about
254 mm, and there are 11 mm of calcite deposits 30–19 mm
from the top (Figure 2a). The growth axis of stalagmite SJJ-
300 shifted 6 times, and the total length of stalagmite SJJ-300
along its growth axis is 330 mm (Figure 2b).

3. Methods

Parallel to the growth layers in SJJ7 and SJJ-300, powder sub-
samples (10–50 mg) were collected from the polished profile
of the stalagmite using a dental drill with a diameter of 1 mm
for the U-Th age testing. A total of 47 and 55 dating samples
were collected from stalagmites SJJ7 and SJJ-300, respec-
tively. The sampling locations are shown in Figure 2. The U
and Th were separated using the standard chemical procedures
described by Edwards et al. (1987), Shen et al. (2012), and

Cheng et al. (2013). The 230Th ages of the SJJ-300 were de-
termined in the High-Precision Mass Spectrometry and En-
vironment Change Laboratory (HISPEC), Department of
Geosciences, Taiwan University, China. The 230Th age of SJJ7
was determined in the Isotope Laboratory of the Institute of
Global Environmental Change, Xi’an Jiaotong University,
China (44/47) and the Age Laboratory of Taiwan University
(3/47) using a multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS, Neptune-Plus) with a sta-
tistical error of ±2σ. The decay constant of 230Th is 9.1705×
10−6 yr−1 (Cheng et al., 2013), that of 234U is
2.82206×10−6 yr−1 (Cheng et al., 2013), and that of 238U is
1.55125 ×10−10 yr−1 (Jaffey et al., 1971). The corrected 230Th
ages assume an initial 230Th/232Th atomic ratio of (4.4
±2.2)×10−6. These are the values for material in secular
equilibrium with the bulk Earth 232Th/238U value of 3.8.
The isotope sub-samples were collected using a dental drill

with a diameter of 0.5 mm from the polished profile along

Figure 1 Location of Shijiangjun Cave (SJJ) and other paleoclimate records. (a) Location of SJJ Cave and schematic diagram of the Asian summer
monsoon. The purple arrows indicate the Indian summer monsoon (ISM) and the East Asian summer monsoon (EASM), and the blue arrow indicates the
Asian winter monsoon (AWM). NS indicates Kaifeng (the capital of the Northern Song dynasty), and SS indicates Lin’an (the capital of the Southern Song
dynasty). After the JK event, the capital of the Song dynasty moved from Kaifeng to Lin’an. (b) The distribution and grade of the karst rocky desertification
(KRD) in southwestern China. (c) The distribution and grade of the KRD in Guizhou Province. The red dot indicates SJJ Cave (in this study), and the black
dots indicate the locations of other records (Table 1) and Panlong Cave (PL) (Yin et al., 2019). The purple triangle is the location of the tufa from the
Xiangshui River (Liu et al., 2011). The KRD data are from Li et al. (2008) and Bai et al. (2011).
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the central growth axis of the stalagmite (Figure 2). Each
sub-sample was drilled at intervals of 0.25 mm. The δ13C
analyses of the stalagmite samples were performed using a
Delta V Plus isotope ratio mass spectrometer equipped with a
Kiel IV Carbonate Device at the Geochemistry and Isotope
Laboratory of Southwest University. One standard sample
(SWU-1) was tested with every seven samples. The results
are reported relative to the Vienna-Pee Dee Belemnite
standard (V-PDB). The analysis error (±1σ) is less than
0.06‰ for δ13C (Li T Y et al., 2011).

4. Results

The 230Th dating results are presented in Appendix Table S1
online. The 238U concentrations of stalagmites SJJ-300 and
SJJ7 are 8031–50743 and 385–47542 ppb (1 ppb=1 μg kg−1),

respectively. The dating errors of the two stalagmites were
less than 6 and 59 years, respectively, and the average dating
errors were ±3.4 and ±14.1 years, respectively. The model
ages of the two stalagmites were established using the Mod-
Age software and the dating results (Hercman and Pawlak,
2012). The simulation results show that stalagmite SJJ7 grew
from BC1158 to AD1256 (Figure 2c) and stalagmite SJJ-300
grew from AD380 to AD1782, but there were two hiatus
from AD 578 to 631 (305.25 mm in depth) and from AD924
to AD1023 (250 mm in depth) (Figure 2d).
The changes in the δ13C records of stalagmites SJJ7 and

SJJ-300 in the same growth period were similar (Figure 3a)
and are significantly correlated (R=0.31, p≤0.01), with re-
solutions of 3.6 and 1 yr, respectively. When the same mo-
ther liquor was deposited as aragonite and calcite, the carbon
isotope fractionation coefficients were different, and the δ13C
in the calcite was lighter than that in the aragonite (Tarutani

Figure 2 The samples and age models for stalagmites SJJ7 and SJJ-300. (a) and (b) are profile pictures of stalagmites SJJ7 and SJJ-300, respectively.
Stalagmite SJJ7 contains an 11 mm calcite deposit 30–19 mm from the top. The blue solid line indicates the oxygen and carbon isotope sampling path, and the
short red transverse line indicates the age sampling locations. (c) and (d) show the simulated chronological models for stalagmites SJJ7 and SJJ-300 created
using the Mod-Age software, respectively (Hercman and Pawlak, 2012).
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et al., 1969; Scroxton et al., 2017). According to the research
of Fohlmeister et al. (2018), the δ13C of stalagmite SJJ7 was
corrected by adding 1.07‰±0.41‰ in the calcite section.
The results show that the corrected δ13C record did not
change the overall trend of the record (Appendix Figure S2
online). The corrected δ13C of stalagmite SJJ7 ranged from
−6.1‰ to 1.1‰, with an average of −3.8‰ and an increase
of 5.9‰ from the MWP to the LIA. The average δ13C value
of stalagmite SJJ7 was −4.0‰ and −0.4‰ during AD0–1127
and AD1128–1256, respectively. The δ13C range of sta-
lagmite SJJ-300 is −8.1‰ to −1.6‰, with an increase of
6.5‰ from the MWP to the LIA. The average δ13C value was
−5.5‰ and −4.3‰ during AD380–1125 and AD1127–1782,
respectively. The values of δ13C of SJJ-300 and SJJ7 are
different, which may be caused by the differences in the
thickness of upper bedrock, soil thickness, vegetation, drip
rate and residence time of difference drip site in same cave
(Li and Li, 2018; Li et al., 2018). However, after the JK
event, the δ13C of both stalagmites (SJJ-300 and SJJ7) was
significantly heavier (Figure 3a). The coincident changes of
stalagmite δ13C in the same cave, at least, indicate a common
driving mechanism (Liu et al., 2016).

5. Discussion

5.1 The δ13C of stalagmites indicated the evolution of
KRD

The carbon in the stalagmite is mainly from the CO2 in the
overlying soil and the carbonate in the bedrock (Bergel et al.,
2017; Cheng K et al., 2019). The ventilation of the cave, the
dissolution degree of the bedrock, the type and density of
vegetation, the microbial activity in the soil, the prior calcite
precipitation (PCP) in the karst surface zone, and the eva-
poration and degassing of the drip water all affected the
changes in the δ13C of the stalagmites (Fairchild et al., 2006;
Tan et al., 2015; Li et al., 2018). These influencing factors
are all controlled by the hydrological environment of the
cave (Li et al., 2018), and the differences in the environment
often lead to differences in the δ13C of cave stalagmites in
different regions (Liu et al., 2016). However, the δ13C values
of stalagmites within a large region are closely related to
climatic factors (precipitation and temperature) (Li T Yet al.,
2011; Li et al., 2018), and climate change will lead to the
same hydrological environment in a large region. Therefore,
the δ13C values of stalagmites from different caves within a
large region will have similar environmental implications.
The δ13C of the stalagmite may reflect the changes in ve-

getation coverage. The δ13C was lighter when there was more
vegetation under humid climate conditions and was heavier
when there was less vegetation (Li et al., 2017). The CO2

produced by the respiration of plants and biological activity
in the soil may be the main factor affecting the δ13C of the

stalagmites (Bergel et al., 2017; Li et al., 2018). During the
cold-dry season, the vegetation growth rate was limited, the
productivity of CO2 in the soil from microorganisms was
reduced, the dripping speed slowed, and the degasification of
the CO2 in the dripping water increased, which increased the
δ13C values of the stalagmites (Zhao et al., 2015, 2017). The
modern monitoring results show that the δ13C in dripping
water of cave is controlled by surface precipitation and
temperature and the CO2 in the soil, resulting in heavier δ

13C
values in the winter and spring and lighter δ13C values in the
summer and autumn (Li and Li, 2018).
Climate change and human activity (population migration,

agricultural production, deforestation, etc.) can lead to the
destruction of surface vegetation and the degradation of soil
productivity, then trigger KRD (Li et al., 2018; Wang et al.,
2020). Soil CO2 concentration from the respiration of plants
and biological activity decrease because KRD results in
lower vegetation coverage and thinner soil thickness (Li and
Li, 2018; Li et al., 2018). In addition, the water storage ca-
pacity of soil decrease, infiltration flow rapidly through the
soil, and lower CO2 soil dissolve into ground water (Li and
Li, 2018). Above these factors can lead to the δ13C of sta-
lagmites toward heavier (Figure 4a). Furthermore, the Chi-
nese government has promulgated relevant laws (Law of the
People’s Republic of China on Forest, Law of the People’s
Republic of China on Grasslands, Law of the People’s Re-
public of China on Water and Soil Conservation) and mea-
sures (Ecological project of returning farmland to forest and
grassland) to protect the ecological environment since
AD1984 (Wang et al., 2020; Luo et al., 2021). KRD in
Southwest China has been effectively controlled and gra-
dually restored (Luo et al., 2021). The δ13C of the stalagmites
in Panlong Cave and Xinya Cave in southwestern China
from AD1970 to AD2009 showed that the δ13C gradually
became lighter with the restoration of the ecological en-
vironment in karst regions (Figure 4b) (Li et al., 2017; Yin et
al., 2019). Therefore, the δ13C of stalagmites in karst regions
can indicate the evolution of KRD (Zhang et al., 2004; Liu et
al., 2011; Li et al., 2018; Yin et al., 2019).

5.2 The expansion of KRD in southwestern China in-
creased after the JK event

After the JK event, the δ13C values of stalagmites SJJ7 and
SJJ-300 gradually became heavier and remained heavier
throughout the LIA (Figure 3a). In the same area (Figure 1),
the δ13C of stalagmites from ZJ Cave dramatically became
heavier during the JK event (Figure 2b). After AD1100, the
δ13C values of a stalagmite from Furong Cave in Chongqing
quickly increased from −2.6‰ to −0.9‰ (Figure 3c) (Li H C
et al., 2011). During the same period, the δ13C values of a
stalagmite from Xinya Cave in Chongqing became sig-
nificantly heavier, even heavier than in the latter part of the
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LIA (Figure 3d) (Li et al., 2017). Moreover, the increase in
the magnitude of the stalagmite δ13C in Xiangshui Cave in
Guizhou Province in AD1100 was far greater than that over
the past 6,000 years (Zhang et al., 2004). In addition, the
δ13C of stalagmites from Yelang Cave, and Dongge Cave in
the same area even reached the magnitude of the Younger
Dryas event and the Heinrich event (Table 1) (Kuo et al.,
2011; Liu et al., 2016; Zhao et al., 2017). Studies of tufa from
the Xiangshui River in Guizhou Province showed that the
δ13C exhibited an abrupt stepped change around AD1270

(Liu et al., 2011). This abrupt positive excursion in the sta-
lagmite δ13C records did not just occur in a single cave after
about AD1100, but it was a common feature in the karst
regions of southwestern China (Table 1). This abrupt change
in each record was explained by the weakening of the
summer monsoon (Liu et al., 2016), the massive deforesta-
tion caused by the population migration (Zhao et al., 2015),
the reduction of vegetation coverage, the increase in C4
plants (Li et al., 2017), the enhancement of agricultural
production (Zhang et al., 2004), and the import of C4 crops

Figure 3 The δ13C records of stalagmites SJJ7 and SJJ-300 and other stalagmites from southwestern China over the past 2000 years. (a) The δ13C records of
stalagmite SJJ7 (red curve) and stalagmite SJJ-300 (blue curve). The red and blue error bars are the dating points and the dating errors of stalagmite SJJ7 and
stalagmite SJJ-300, respectively; (b) the δ13C record of a stalagmite from Zhijin Cave (ZJ) (Kuo et al., 2011); (c) the δ13C record of a stalagmite from Furong
Cave (FR) (Li H C et al., 2011); and (d) the δ13C record of a stalagmite from Xinya Cave (XY) (Li et al., 2017). MWP, LIA, and CWP are the Medieval Warm
Period, the Little Ice Age, and the Current Warm Period, respectively. The grey dotted lines indicate the variation trend. The black dashed arrow shows the
change of the stalagmite δ13C during the CWP.
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(Liu et al., 2011). Although these explanations were only
based on a single record, they may indicate the enhancement
of human activities and the rapid expansion of KRD in the
karst regions of southwestern China. Although there are
discrepancy of these stalagmite δ13C records (Figure 3), they
can reflect that different intensity of human activities led to
different KRD levels during JK event.

5.3 Precipitation patterns in the Asian monsoon region
during the MWP and the LIA

A large number of paleoclimate reconstruction records all
indicate that climate change had occurred on abnormal two
way in hundred years over the past two millennia, i.e., during
the MWP and the LIA (Wang et al., 2005; Zhang P Z et al.,
2008; Chen et al., 2015; Zhao et al., 2020). Although the

onset and end time of the MWP and the LIA are still slightly
controversial, a large number of records indicated that there
was a significant change in the Asian summer monsoon (East
Asian summer monsoon and Indian summer monsoon) from
AD950–1300 to AD1300–1850 (Appendix Table S2 online),
while the summer monsoon region of southwestern China
exhibited a pattern opposite that of northern China (Figure
5). A comparison of the paleoclimate reconstructions ob-
tained using multiple indicators, such as stalagmites, lakes,
peat, pollen, loess, and historical data, was conducted (Ap-
pendix Table S2 online), and the results are as follows: (1)
During the MWP, the climate in southwestern China was
relatively dry and that in the north and east was humid due to
the influence of the East Asian summer monsoon (EASM)
(Figure 5a). The climate in the northern part of the Indian
summer monsoon (ISM) region was humid (Figure 5a). (2)

Figure 4 The relationship between KRD and the stalagmite δ13C. (a) Conceptual model between KRD and the stalagmite δ13C; (b) the stalagmite δ13C value
of Xinya Cave (Li et al., 2017) and Panlong Cave (Yin et al., 2019) gradually became lighter with the recovery of KRD since AD1980.

Table 1 The increased magnitude of the δ13C of stalagmite and tufa in southwestern China from the MWP to the LIA

Site Abbreviation Location Duration (AD) Proxies The increased
magnitude (‰) Impact factors Reference

Shijiangjun Cave SJJ 26.20°N, 105.50°E
1300 m 950–1350 Stalagmite 5.9 and 6.5 Climate change and

Human activity This study

Xinya Cave XY 30.75°N, 109.47°E
1250 m 1000–1400 Stalagmite 2.5 Vegetation coverage decreased

and human activity increased Li et al., 2017

Furong Cave FR 29.23°N, 107.90°E
480 m 1150–1500 Stalagmite 4.4 Not discussed Li et al., 2011

Yelang Cave YL 26.04°N, 105.74°E
1285 m 1300–1900 Stalagmite 8.0 C4 plant

and human activity increased Zhao et al., 2017

Zhijin Cave ZJ 26.35°N, 105.33°E
1300 m 990–1800 Stalagmite 3.3 Deforestation and

Population migration Kuo et al., 2011

Xiangshui Cave XSC 25.48°N, 111.88°E
400 m 1000–1500 Stalagmite 7.0 C4 plant

and human activity increased Zhang et al., 2004

Xiangshui River XSR 25.47°N, 107.88°E
700 m 1000–1270 Tufa 1.9 Importing of C4 crops Liu et al., 2011

Dongge Cave DG 25.28°N, 108.08°E
680 m 1000–1400 Stalagmite 1.6 Weak summer

monsoon Liu et al., 2016
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During the LIA, the climate in southwestern China was hu-
mid, and that in northern and northeastern China was rela-
tively dry (Figure 5b). The climate in the northern part of the
Indian monsoon region was dry (Figure 5b). These results
are similar to those of other paleoclimate integrations and
paleoclimate simulations (Appendix Table S3 online). The
results of paleoclimatic simulations showed that during the
MWP, the ISM moved north, resulting in a humid climate in
the north and an extremely arid climate in the central ISM
region. The ISM weakened during the LIA (Polanski et al.,
2014).
During the MWP (LIA), the temperature increased (de-

creased) in the Northern Hemisphere, and the temperature
gradient increased (decreased) in both Hemispheres (Liu et
al., 2014). Thus, the EASM and the ISM strengthened
(weakened), and the rain belt moved northward (southward)
(Liu et al., 2014), resulting in an increase (decrease) in
precipitation in the northern parts of the EASM and ISM
regions (Zhao et al., 2020). In addition, the strong El Niño
event during the MWP caused the western ascending branch
of the Walker circulation in the low-latitude tropical Pacific
Ocean to move eastward, resulting in a decrease in pre-
cipitation in the southern part of the Chinese monsoon region
(Yan et al., 2011; Tan et al., 2019; Duan et al., 2020).
Meanwhile, El Niño may have promoted the development of
extreme positive phases of the Indian Ocean Dipole (IOD)
(Abram et al., 2020). During the positive phase of the IOD,
the sea surface temperature (SST) of the Eastern Indian
Ocean decreases and the precipitation in Southeast Asia
decreases due to the influence of subsidence airflow (Abram
et al., 2020).
Historical documents reveal that droughts and floods in

China exhibited different distribution patterns in the different
cold and warm climate backgrounds over the past 2000 years
(Zheng et al., 2014). During the warm periods from AD1000
to AD1100 and from AD1190 to AD1290, there were always
droughts in southwestern China, and it was wet in eastern
China for a long period of time (Zheng et al., 2014). Around
AD1126, the average temperature in China became sig-
nificantly lower (Zhang, 1991). In AD1111, Taihu Lake was
completely frozen, so that the “vehicles were able to pass
over the ice, and all of the litchis in Fuzhou were frozen to
death” (Zhang, 1991). From AD1329 to AD1353, Taihu
Lake froze two more times, which was described as “The ice
is several feet thick, so that people can walk on the ice, and
the citruses in Dongting Lake are almost frozen to death”
(Zhang, 1991). From AD1483 to AD1513, Taihu Lake,
Poyang Lake, and Dongting Lake frequently froze, and the
surface of the small tributary rivers in the Yangtze River
basin froze many times in the winter (Zhang, 1991). How-
ever, floods were frequent in the summer in the Yangtze
River basin (Zhang Q et al., 2008). All of these historical
records demonstrate that abrupt climate changes occurred

during this period.
The temperature records for the Northern Hemisphere and

China reveal that the MWP was not a stable warm period, but
the temperature was significantly lower in the LIA (Figure
6a) (Kobashi et al., 2012). After AD1100, the temperature
suddenly decreased in China, and then, China entered the
LIA after a short warm period of about 70 years (Figure 6b)
(Ge et al., 2013). During the MWP, the precipitation in
southwestern China decreased, leading to the opening of
cracks and tunnels in the upper part of the cave, prolonging
the duration of the infiltration water, and strengthening the
PCP and CO2 degassing (Tan et al., 2015; Liu et al., 2016; Li
et al., 2018). As a result, the δ13C of the stalagmites from SJJ
Cave became gradually heavier after AD1100 (Figure 6c).
Although the climate in southwestern China became wet
during the LIA (Figure 5b), the δ13C of stalagmite SJJ-300
remained heavy, and the δ13C records of other stalagmites
and tufa from southwestern China were also heavy (Table 1).
From the MWP to the LIA, there was no significant change
in the CO2 concentration of the atmosphere (Figure 6d).
However, the total population of China in AD1125 was 4.4
times that in AD960 (Figure 6e), so increased human ac-
tivities might have caused a significant change in the eco-
logical environment in southwestern China.

5.4 Relationship between human activities and KRD

As is well known, social events, such as population migra-
tion, economic fluctuations, war, and even the rise and fall of
dynasties, are closely related to climate changes (Fang et al.,
2015). During the two Song dynasties, the population grew
rapidly (Zhao, 1988). The population of China exceeded 100
million during the Northern Song dynasty, and the popula-
tion increased rapidly in southwestern China (Zhao, 1988;
Yang, 1995; Wu, 2000; Zhang and Peng, 2012). There was a
reduction in the grain yield in AD1100, which increased the
famine index, and the northern nomads moved southward
(Fang et al., 2015; Lan et al., 2020). During the JK event
(~AD1127), wars took place in northern and southern China
for many years, resulting in a sharp decrease in the total
population and the migration of about 5 million people from
the north to the south (Wu, 2000, 2001; Zhang and Peng,
2012). After the wars ended, southwestern China became
one of the regions with the fastest population growth during
the Song dynasty from AD1078 to AD1162 (Wu, 2000). In
the first year of Jiaxi in the Song dynasty (AD1237), the
Yuan army attacked Sichuan on a large scale for 50 years,
resulting in the death of 1.4 million people (Wu, 2000).
During the Zhongtong in the Yuan dynasty (AD1260–1264),
there were wars in southwest China (Lan, 1997). Then, a
large number of military immigrants moved into the Wujiang
River valley to construct extensive military defense lines and
wage war against the armies of Jin and Mongolia from

8 Chen C, et al. Sci China Earth Sci

 https://engine.scichina.com/doi/10.1007/s11430-020-9760-7



AD1127 to AD1162 (Zhang and Peng, 2012). From the 26th
year of Hongwu to the 4th year of Hongzhi in the Ming
dynasty (AD1393–1491), the population of Sichuan in-
creased from more than 1.4 million to more than 2.6 million
(Guo, 1988). From the end of Hongwu to the beginning of
Wanli (AD1398–1573), the total cultivated area in Sichuan
increased from 11.5×104 to 20.5×104 km2 (Guo, 1988). Since
the Song dynasty, the populations of Shanxi, Jiangxi, Hunan,
and Sichuan have continuously moved into Guizhou, re-
sulting in rapid population growth in Guizhou (Wei, 1986;
Li, 1990). From the first year of Tianbao in the Tang Dynasty
to the 33rd year of Qianlong in the Qing dynasty (AD742–
1768), the registered population of Guizhou increased from
about 0.16 million to 3.44 million (Wei, 1986; Li, 1990).
Moreover, the failure of the northern war after JK event, the
government of Song Dynasty began to strengthen the eco-
nomic construction of southwestern China (Dong, 2015).
The government mainly developed tea, salt, horse trade and

exploited minerals to promote the development of south-
western China (Liang, 2004). However, conflicts of eco-
nomic and cultural resulted in frequent rebellion in
southwestern China (Zhang, 2004). For example, because
most of the ethnic minorities lived in mountainous areas of
southwestern China, the non-native cut down a lot of trees
and built roads, which made the ethnic minorities lose their
natural barriers and caused conflicts (Zhang, 2004). In the
second year of Longxing in the Song dynasty (AD1164),
relevant measures were issued to alleviate the contradiction
between the ethnic minorities and the government, including
providing cattle and promoting cattle farming technology
(Zhang, 2002).
In addition, compared with the period from AD0 to

AD1000, the total population of China experienced a step-
wise increase from the late MWP to the LIA (Figure 6e).
First, the population migration during the Song and Yuan
Dynasties changed the pattern of the population distribution

Figure 5 The change of climate in the Asian monsoon region. (a) Dry and humid patterns of the Asian monsoon region during the MWP. (b) Dry and humid
patterns of the Asian monsoon region during the LIA. The red dot represents dry, and the blue dot represents wet. See Appendix Table S2 online for the
information for each record. The purple arrows indicate the ISM and EASM, and the blue arrow indicates the AWM. The yellow dashed line indicates the
boundary of modern Asian summer monsoon (Sun et al., 2019). The abbreviations MWP, LIA, AWM, ISM, and EASM are defined in Figures 1 and 3.
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from the historical distribution with a larger population in the
north and a smaller population in the south as the population
center migrated southward (Yang, 1995; Lan, 1997). Second,
the population of southwestern China increased rapidly. The
massive immigration not only brought advanced production
technology to this region but also required the reclaiming of
a great deal of land (Zhang and Peng, 2012; Fang et al.,
2015); Third, the C4 plant crops quickly replaced the native
C3 plants (Li et al., 2012, 2018), and large areas of forest
were cut down (Kuo et al., 2011). As a result, the ecological
environment of the karst regions in southwestern China was
severely damaged by anthropogenic activities during the

Song and Yuan dynasties. This caused KRD expansion in
this area after JK event, which was recorded by the sta-
lagmite δ13C records as continuously heavy values (Figures 3
and 6).
Since the industrial revolution, global warming and the use

a massive amount of fossil fuels have led to a rapid increase
in the concentration of atmospheric CO2 (Figure 6d), which
might cause the δ13C of stalagmites in XY and FR Cave to
become lighter in the Current Warm Period (CWP) (Figure
3c and 3d) (Li H C et al., 2011; Li et al., 2017). However, the
δ13C of stalagmites in ZJ Cave continued to be heavier in the
CWP (Figure 3b). Compared with the area of FR and XY

Figure 6 The mechanisms of KRD expansion in southwestern China after the JK event. (a) Temperature anomaly in the Northern Hemisphere (Kobashi et
al., 2012); (b) temperature anomaly in China (Ge et al., 2013); (b) the δ13C values of stalagmite SJJ7 (red curve) and stalagmite SJJ-300 (blue curve); (d) the
changes in the atmospheric CO2 concentration (Etheridge et al., 1996); (e) the change in the Chinese population over the past 2000 years (Zhao, 1988).
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Cave (Chongqing region), the area of ZJ Cave (Guizhou
region) is located in the severe rocky desertification area
(Figure 1). Therefore, the recovery of KRD in Chongqing
may lead primarily to lighter the δ13C of stalagmites in FR
and XY Cave, while the continued KRD in Guizhou may
lead to heavier the δ13C of stalagmites in ZJ Cave in CWP.
It should be noted that the dry and wet climatic changes in

northern and southern China and the regions dominated by the
EASM and westerlies during the LIA are still an open ques-
tion (Li et al., 2021). Due to the uncertainty in the main factors
influencing the changes in stalagmite δ18O values in the
EASM region (Ruan et al., 2019; Liu et al., 2020; Li et al.,
2021), there is a certain uncertainty in solely using stalagmite
δ18O records or other low resolution records to determine the
dry and wet change in this region (Zhang et al., 2018). Al-
though δ18O of precipitation is affected by the factors of cir-
culation intensity, vapor source or transportation distance on
the interannual to the decadal scale, stalagmite δ18O in
Southwest China can indicate the dry/wet change on cen-
tennial scale (Tan et al., 2015, 2018; Yin et al., 2019). In
addition, multi-proxy studies will be conducive to the accurate
reconstruction of regional hydrological conditions (Zhang et
al., 2018). However, regardless of whether the precipitation in
southwestern China increased or decreased during the LIA,
our results reveal that a very clear abrupt change (heavier)
occurred in the δ13C values of the stalagmite from SJJ Cave
during the JK event (Figure 3a), and consistent responses were
also observed in the ZJ, FR, and XY Cave stalagmite records
(Figure 3b–3d) (Kuo et al., 2011; Li H C et al., 2011; Li et al.,
2017). Moreover, this change occurred before the LIA and
continued until about AD1700 (Figure 3), indicating that the
correlation between the increase in human activity (Figure 6e)
and the abrupt changes (heavier) in the δ13C values of the
stalagmites was very distinct regardless of whether the sum-
mer monsoon was strong or weak and how the regional pre-
cipitation changed at that time.

6. Conclusions

In this research, the high-precision dating δ13C record of
stalagmites were used to investigate the influence of climate
change and human activities on the evolution of the ecolo-
gical environment in the karst regions of southwestern China
over the past 2000 years. The comparison of paleoclimate
records showed the opposite changes in the hydrological
environments of the southwestern region and northern of the
summer monsoon region in China occurred during the MWP
and LIA. The arid climatic conditions in southwestern China
during the MWP induced the deterioration of the ecological
environment. However, the large-scale migration of the
Chinese population from the north to the south after the JK
event (AD1127) and the increased human activities, such as

massive deforestation and cultivated land reclamation, ag-
gravated the KRD expansion in southwestern China.
Therefore, the joint action of the climate changes and human
activities may have eventually triggered the KRD expansion
in the karst regions of southwestern China from the MWP to
the LIA. The KRD in Chongqing area gradually recovered in
CWP, but not in Guizhou area. Certainly, our reconstruction
results were based on limited records, and more high-re-
solution multi-proxy records will be needed to evaluate the
mechanisms and the area of KRD expansion in southwestern
China in future research. However, our research provides a
potential to reconstruct the KRD expansion in the past.
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