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A B S T R A C T   

Rocky desertification is a major environmental problem in the karst regions of Southwest China and seriously 
impacts ecological and socioeconomic development. Human activities and climate change have been proposed as 
the main factors responsible for the development and expansion of rocky desertification, but more evidence is 
needed to support this hypothesis. In this study, the history of the Asian summer monsoon (ASM) since 6200 yr 
BP is reconstructed based on 230Th dating and δ18O and δ13C data of a stalagmite from Feilong Cave in Guizhou 
Province of Southwest China. Positive δ

18O and δ
13C excursions record eleven interdecadal–centennial weak 

summer monsoon events at 1000–870, 1660–1460, 2040–1900, 2780–2460, 3020–2860, 3250–3120, 
3650–3370, 4273–3980, 4820–4480, 5370–5180, and 5840–5560 yr BP. These weak ASM events were 
controlled by a southward shift of the Intertropical Convergence Zone and frequent El Niño events. Changes in 
the δ13C values of this stalagmite were mainly driven by changes in vegetation coverage and type, soil microbial 
activity, and regional hydrogeological conditions. The simultaneous positive excursions of δ

18O and δ
13C at 

~5500, 4200, and 2800 yr BP indicate a degradation of the karst ecological environment in response to the weak 
summer monsoon. In addition, frequent dynasty changes in China since 3000 yr BP profoundly influenced the 
karst ecological environment. During the Medieval Warm Period, the Jing-Kang event (JK event) resulted in the 
fall of the Northern Song Dynasty and led to a large-scale migration into southern China. As a consequence, the 
population increase in the Yangtze River basin enhanced land use, accelerated the disappearance of forests, and 
finally resulted in the deterioration of the regional environment. We conclude that climate change and 
anthropogenic activity may have jointly triggered and/or exacerbated rocky desertification in Southwest China.   

1. Introduction 

The karst regions of Southwest China cover an area of 7.5 × 105 km2, 
accounting for 43% of the total area of Southwest China (Zeng et al., 

2016). This area is deeply influenced by the Indian summer monsoon 
(ISM) and the East Asian summer monsoon (EASM) and is highly sen-
sitive to global climate change (Li et al., 2012a). Guizhou Province is the 
center of karst in Southwest China. Historical data from 1900 to 2012 CE 
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showed that droughts and floods occurred frequently (198 times) in the 
karst areas of Southwest China, especially in Guizhou Province (Guo 
et al., 2015; Li et al., 2012b; Cheng et al., 2020). Therefore, exploring the 
history of changes in climate and the karst ecological environment in 
this region is important for studying the interaction between human 
activities and the environment (Chen et al., 2021b). 

On the orbital time scale, insolation controls long-term variations in 
the Asian summer monsoon (ASM) (Cheng et al., 2016; Wang et al., 
2017; Wu et al., 2020). However, internal feedbacks (El Niño–Southern 
Oscillation (ENSO), Atlantic Meridional Overturning Circulation 
(AMCO), shifts of the Intertropical Convergence Zone (ITCZ) and vol-
canic activity) in the climate system are invoked for changes in the ASM 
on shorter time scales (Wan et al., 2011; Zhao et al., 2017; Zhang et al., 
2017; Cheng et al., 2019; Li et al., 2021a,b; Chen et al., 2021a). In recent 
decades, many achievements have been made in the study of climate 
change in the Asian monsoon region by using lacustrine sediments, tree 
rings and historical documents (Wang et al., 2005; Xiao et al., 2014; 
Duan et al., 2014). However, understanding the evolution of the ASM on 
interdecadal–centennial time scales still needs further study (Tan, 
2016). Stalagmites from caves in the ASM region are a key archive to 
address these questions, given their high resolution, excellent chronol-
ogy and the availability of multiple climate and environmental proxies 
(Cheng et al., 2012, 2019). 

In addition, the transport processes and mechanisms of carbon iso-
topes in karst systems have been studied in recent years (Liu et al., 2008; 
Zhang et al., 2015a,b; Liu et al., 2016; Li et al., 2018; Li and Li, 2018). 
The δ13C values of stalagmites are affected by climatic and nonclimatic 
factors (Li et al., 2018). Nonclimatic factors include the connectivity of 
bedrock fissures, prior calcite precipitation, time of interaction between 
water and bedrock, ventilation in caves, and isotopic fractionation 
during carbonate deposition (Spötl et al., 2005; Fairchild et al., 2006; 
Liu et al., 2016; Li et al., 2018). On the interdecadal–centennial scale, 
the δ13C values of stalagmites are mainly controlled by regional envi-
ronmental changes outside the cave, such as changes in vegetation 
coverage, soil microbial activities, and the regional hydrological cycle 
(Baker et al., 1997; Fairchild et al., 2006; Zhang et al., 2015a,b; Liu 
et al., 2016; Li and Li, 2018). Rocky desertification is a main environ-
mental problem in karst areas, and is characterized by serious soil 
erosion, missing surface water, loss of vegetation and exposed rocks 
(Jiang et al., 2016). The δ13C values of stalagmites can be used as a proxy 
for the reconstruction of the paleoenvironment; and to study the evo-
lution of rocky desertification in karst areas (Li et al., 2012a; Oster et al., 
2012; Chen et al., 2021a, 2021b). The comparison of stalagmite δ18O 
and δ13C values is very important in reconstructing climate change in 
the karst areas of Southwest China, exploring the interaction between 
humans and the environment, and assessing the impact of climate 
change. Recent research suggests that the expansion of karst rocky 
desertification in southwestern China was exacerbated in the MWP due 
to the change in climate, wars, and rises and falls of dynasties, which 
resulted in the migration of a large number of people and large-scale 
reclamation of arable land (Yassoglou, 2000; Liu et al., 2011; Kuo 
et al., 2011; Chen et al., 2021b). During the MWP, wars occurred in 
northern China for many years, resulting in a sharp decrease in the total 
population and the migration of a large number of people from northern 
to southern China (Wu, 2000; Zhang and Peng, 2012). Massive immi-
gration not only brought advanced production technology and C4 plant 
crops to southern China, but also required the reclamation of a great deal 
of land and slope cropland, and the enhancement of agricultural pro-
duction and rural infrastructure (Zhang and Peng, 2012; Fang et al., 
2015). In the meantime, the massive deforestation caused by population 
migration (Zhao et al., 2015), resulted in the reduction of vegetation 
coverage (Kuo et al., 2011), serious soil erosion and deterioration of 
surface hydrologic conditions, and finally presented karst rocky 
desertification (Liu et al., 2011; Kuo et al., 2011). However, more evi-
dence is needed to confirm whether this phenomenon is local or regional 
in scale. Herein, we report a δ

18O record of a 230Th-dated stalagmite 

from Feilong Cave, Southwest China (SW-China), which we compare 
with other records to assess climate changes across Southwest China 
regions during the middle late Holocene. This study focuses on the 
following issues: (1) How the evolution of the ASM in the middle late 
Holocene affected the karst environment in southwestern China on the 
interdecadal- centennial scale. (2) Changes in the karst environment in 
Southwest China during the middle and late Holocene, and (3) stalag-
mite δ13C records in Southwest China were used to explore the influence 
of human activities and climate change on karst rocky desertification. 

2. Settings 

Feilong (FL) Cave (24◦58′13′′N, 104◦52′54′′E) is located in Guizhou 
Province, Southwest China (Fig. 1). It is located in the gradual slope of 
the eastern part of the Yunnan-Guizhou Plateau, and developed in 
Triassic dolomitic limestone. The natural entrance of the cave is 8 m 
high and 28 m wide, and the entire length of the cave is approximately 
1000 m (Liu et al., 2008; Guo et al., 2006). The landscape of the area 
surrounding the cave is characterized by hilly topography as a peak 
cluster-depression, and the elevation is 1357 m for the entrance of the 
cave. The rock above the cave is approximately 60 m thick, and shrub 
vegetation grows on the surface (Fig. 2). FL Cave is located in an area 
strongly affected by the ASM, and the moisture during the rainy season 
mainly comes from the Indian and Pacific Oceans (Fig. 1). The region 
has an annual mean temperature of 16.1 ◦C and receives 1532 mm of 
annual precipitation, 80% of which falls between May and October. 
Hence, the study area features a subtropical monsoon climate (Liu et al., 
2008) (Supplementary Fig. 1). The karst area covers an area of 1.2 × 105 

km2 in Guizhou Province, and 68% of its surface consists of karst 
landforms (Jiang et al., 2016). 

3. Sample and methods 

Stalagmite FL2 is a broken stalagmite composed of three sections, 
with a diameter of approximately 84 mm at the bottom and approxi-
mately 65 mm at the top. The total length measured along its growth 
axis is 430 mm (Fig. 3). With the use of a dental drill with a diameter of 
1 mm, 7 powder samples (50–100 mg each) were drilled along the 
growth axis for 230Th dating. U and Th were separated using standard 
chemical procedures described by Edwards et al. (1987), Shen et al. 
(2012), and Cheng et al. (2013). 230Th dating was performed in the 
Isotope Laboratory of the Institute of Global Environmental Change of 
Xi’an Jiaotong University using a multicollector inductively coupled 
plasma mass spectrometer (MC–ICP–MS). The uncertainties in the U-Th 
isotopic data were calculated offline at the 2σ level (Cheng et al., 2016). 
The decay constant used for 230Th was 9.1705 × 10−6 yr−1 (Cheng et al., 
2013), that used for 234U was 2.82206 × 10−6 yr−1 (Cheng et al., 2013), 
and that used for 238U was 1.55125 × 10−10 yr−1 (Jaffey et al., 1971). An 
initial 230Th/232Th atomic ratio of (4.4 ± 2.2) × 10−6 was assumed for 
the correction of the 230Th ages. These are the values for materials in 
secular equilibrium with the bulk Earth 232Th/238U value. 

With a dental drill, a total of 410 samples were collected from the 
polished profile along the central growth axis of the stalagmite for iso-
topic analysis. The samples were drilled at intervals of ~1 mm. The δ18O 
and δ13C analyses of stalagmite FL2 were performed using the Delta V 
Plus isotope ratio mass spectrometer at the Institute of Geology, Uni-
versity of Innsbruck, Austria. The results are reported relative to the 
Vienna Pee Dee Belemnite (V-PDB) standard. The analytical error is 
<0.08‰ for δ18O and <0.06‰ for δ13C (Spötl and Vennemann, 2003). 

To assess the possibility of calcite deposition under isotopic equi-
librium conditions (the Hendy test) (Hendy, 1971), ten layers along the 
growth axis of stalagmite FL2 were chosen with which to analyze the 
stable oxygen and carbon isotopes. For each layer, from the center of the 
growth axis to the edge, six or seven subsamples were drilled and 
analyzed as described above for isotopic analysis. 
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4. Results 

The 230Th dating results for stalagmite FL2 are presented in Table 1. 
The 238U contents of most of the samples range from 143 to 219 ppb, and 
the 232Th contents of most of the dated samples range from 1347 to 
5920 ppt. The low 230Th/232Th ratios (17–84 × 10−6) give rise to rela-
tively large age errors, with an average of ±244 yr. Because of the 
relatively low precision of the dating results (Table 1), we did not use the 
linear interpolation method to establish the age model. The Mod-Age 
model supports to calculating the relationship between age and depth 
at any position of the proxy-time profile and attempts to base all ages on 
a single time series (Hercman and Pawlak, 2012), different from the 
StalAge model (Scholz and Hoffmann, 2011). Therefore, the Mod-Age 
model was finally used to build the chronology of the FL2 record. The 
results show that stalagmite FL2 grew between 6290 and 690 yr BP 
(Fig. 3B). 

The δ18O values of stalagmite FL2 range from −8.2‰ to −5.5‰, with 
a mean of −7.0‰. During 690–6290 yr BP, the δ18O values exhibit an 
overall positive trend (Fig. 4). In addition, at 870–1000, 1460–1660, 
1900–2040, 2460–2780, 2860–3020, 3120–3250, 3370–3650, 
3980–4273, 4480–4820, 5180–5370, and 5560–5840 yr BP, the δ

18O 
values show offsets with amplitudes of 0.5–1‰ and are labeled events 
1–11 (Fig. 4). The duration of these events is 130–340 years. 

The δ13C values of stalagmite FL2 range from −13.4‰ to −8.6‰, 
with a mean value of −11.7‰ (Fig. 4). Changes in the δ13C and δ18O 
values of stalagmite FL2 are positively correlated (r = 0.62; p < 0.01; n 
= 410) and both isotope values show positive excursions during the 11 
events mentioned above (Fig. 4). 

The results of the Hendy test are plotted in Supplementary Fig. 3. The 
range for the variability of δ

18O values in a coetaneous-layer was 
0.52–1.02‰, and there was an apparent correlation between the δ18O 

and δ13C values for most of the layers (9/10). These observations sug-
gested that the deposition of stalagmite FL2 did not satisfy the Hendy 
test. However, there are some limitations of the Hendy test criteria in 
judging the paleoclimatic suitability of speleothems, and the replication 
principle of comparing overlapping δ18O profiles has been proven to be 
an effective method for assessing the suitability of speleothems in pa-
leoclimatic reconstruction (Dorale and Liu, 2009). The δ18O patterns of 
the FL2 and other stalagmites in monsoon China are agree within age 
uncertainties (in section 4), indicating that the FL2 record also satisfied 
the replication test. Therefore, we are confident that the variation in FL2 
δ

18O is mainly dominated by climate change. 

5. Discussion 

5.1. Significance of the stalagmite δ18O values 

Many stalagmite δ18O records in the ASM region have been used to 
demonstrate the intensity variation of the summer monsoon (Wang 
et al., 2001, 2005; Cosford et al., 2008; Cheng et al., 2016; Kathayat 
et al., 2017). For example, the δ18O of a stalagmite from Dongge Cave 
reflected the intensity of the ASM on a centennial-millennial scale 
(Wang et al., 2005; Duan et al., 2014). Model simulation results have 
also shown that the δ

18O of stalagmites in the Asian monsoon region 
reflected the monsoon intensity (Liu et al., 2016). That is, the stronger 
the ASM is, the more negative the δ18O of the stalagmite, and vice versa 
(Wang et al., 2005; Duan et al., 2014; Cheng et al., 2016, 2019). 
Comprehensive studies have shown that on the interdecadal–centennial 
scale, the δ18O values of stalagmites from the East Asian monsoon region 
are affected by several factors, such as summer monsoon intensity, 
summer rainfall amount, moisture sources, rainout effects, and 
convective activities over the primary moisture source regions (Dayem 

Fig. 1. Location of Feilong (FL) Cave in Southwest China. The red star indicates the location of FL Cave (this study); the black diamonds indicate Sahiya Cave 
(Kathayat et al., 2017), Dongge Cave (DG) (Wang et al., 2005), Longquan Cave (LQ) (Zhang et al., 2004), Shijiangjun Cave (SJJ) (Chen et al., 2021a, 2021b), Wulu 
Cave (WL) (Mohtadi et al., 2016), Yelang Cave (YL) (M. Zhao et al., 2017), Shigao Cave (SG) (Jiang et al., 2012), Furong Cave (FR) (Li et al., 2021a), Lianhua Cave 
(LH) (Zhang et al., 2013), Heshang Cave (HS) (Hu et al., 2008), and Sanbao Cave (SB) (Dong et al., 2010). The dashed orange arrows represent the surface wind 
directions of the ISM and the EASM, and the blue arrows represent the surface wind direction of the Asian winter monsoon (AWM). The purple diamond represents 
the site of core GT-2, from which microcharcoal was extracted (Ma et al., 2018), and core ECMS, from which black carbon was extracted (Pei et al., 2020). (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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et al., 2010; Tan, 2014; Li, 2018a, 2018b; Ruan et al., 2019). Although 
on the interdecadal-centennial scale, the δ18O values of stalagmites from 
Shenqi Cave have been used to reconstruct changes in rainfall in 
southwestern China (Tan et al., 2018), the δ18O values of stalagmites are 
the cumulative changes in the entire process of water vapor migration 

from the vapor source to the cave location. Based on monitoring works 
in Southwest China, there was no negative correlation between summer 
precipitation and δ

18O of rainwater (Li, 2018a, 2018b). Therefore, Li 
et al. (2018) proposed that the changes in moisture source were the main 
reason for the seasonal and annual changes in precipitation δ18O, but not 
local precipitation. Modern observations at the Guiyang meteorological 
station 330 km from FL Cave during the period of 1988–1992 (A.D.) also 
indicated that the δ18O values of summer monsoon precipitation were 
more negative than those of nonsummer monsoon precipitation. For 
example, the δ18O values of summer (June, July, and August: JJA) range 
from −10.5‰ to −16.8‰, and the δ

18O values of nonsummer range 
from −8.5‰ to −0.6‰ (Liu et al., 2008) (Supplementary Fig. 1). Sum-
mer precipitation accounts for approximately 80% of the annual pre-
cipitation amount, demonstrating the significance of the ASM. 

In addition, meteorological data (Zhang, 2020), climate modeling 
(Pausata et al., 2011), and paleoclimate records (Rehfeld et al., 2013) 
showed that in the ISM region, precipitation was dominated by moisture 
sources from the Indian Ocean, including the Bay of Bengal (Zhang et al., 
2022). Precipitation δ18O in Southwest China reflects not only changes 
in summer monsoon intensity, but also changes in the ratio of water 
vapor from the Indian Ocean and the Pacific Ocean (Tan, 2009, 2014; 
Zhang et al., 2022). In summary, although there are many factors 
influencing the change in precipitation (stalagmite) δ

18O, at the first 
order, when the ASM was stronger, the δ18O of stalagmite FL2 was more 
negative. In contrast, when the ASM was weaker, the δ18O was more 
positive. For the change in local absolute precipitation and hydrological 
conditions, comprehensive analysis should be combined with other 
proxies, including δ13C and trace elements (Chen et al., 2021a, 2021b; 
Wu et al., 2020, 2023). 

Fig. 2. (A) Local landscape and vegetation outside Feilong Cave. (B) Entrance of the cave.  

Fig. 3. (A) Cut section of stalagmite FL2. The cyan vertical bars show the path 
of stable isotope sampling. (B) Age model. The green solid line was obtained 
using MOD-AGE (Hercman and Pawlak, 2012), the black solid line represents 
the 98% confidence band, and the red error bars represent the dating points and 
the error ranges. (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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5.2. Variation in the ASM during the middle and late Holocene 

5.2.1. Regional comparison 
Two main features can be identified based on the comparison be-

tween the δ18O data of stalagmite FL2 and other stalagmite records in 
central and Southwest China. First, the intensity of the ASM exhibits a 
general decline during the middle to late Holocene (Wang et al., 2005; 

Zhao et al., 2017; Chen et al., 2021a; Li et al., 2021a,b) (Figs. 4 and 5). 
The δ18O values of stalagmite FL2/DG/YL/FR/SB range from −8.17‰ to 
−5.5‰, −8.7‰ to −6.6‰, −12.3‰ to −8.8‰, −8.41‰ to −6.2‰, and 
− 10.5‰ to −8.0‰, respectively, and the δ18O values fluctuate by an 
amplitude of 2–4‰ (maximum minus minimum for each record). Sec-
ond, the δ

18O records of stalagmites from southwestern and central 
China record a series of weak ASM events on a centennial timescale 

Table 1 
230Th dating results for stalagmite FL2 from Feilong Cave in Guizhou province, China.  

Sample 238U 232Th 230Th / 
232Th 

δ
234U* 230Th / 238U 230Th Age (yr) 230Th Age (yr) δ

234UInitial** 230Th Age (yr BP) 
*** 

Number (ppb) (ppt) (atomic 
x10−6) 

(measured) (activity) (uncorrected) (corrected) (corrected) (corrected) 

FL2A-1 219.3 ±0.2 2887 ±58 17 ±1 375.5 ±1.4 0.0135 ±0.0007 1077 ±60 799 ±206 376 ±1 728 ±206 
FL2A-2 163.2 ±0.1 1828 ±37 45 ±1 334.5 ±1.5 0.0304 ±0.0006 2507 ±54 2263 ±181 337 ±2 2192 ±181 
FL2A-3 192.9 ±0.1 2274 ±46 50 ±1 297.3 ±1.4 0.0360 ±0.0006 3062 ±52 2797 ±194 300 ±1 2726 ±194 
FL2B-4 168.7 ±0.1 1480 ±30 81 ±2 348.9 ±1.4 0.0433 ±0.0007 3552 ±61 3364 ±147 352 ±1 3293 ±147 
FL2C-5 149.8 ±0.1 1347 ±27 84 ±2 380.0 ±1.6 0.0461 ±0.0007 3696 ±53 3507 ±144 384 ±2 3436 ±144 
FL2C-6 157.4 ±0.1 5920 ±119 35 ±1 403.9 ±1.8 0.0804 ±0.0006 6413 ±52 5635 ±553 410 ±2 5564 ±553 
FL2C-7 143.7 ±0.1 2808 ±56 73 ±2 465.2 ±1.7 0.0863 ±0.0009 6598 ±70 6212 ±282 473 ±2 6141 ±282 

U decay constants: λ238 = 1.55125 × 10−10 (Jaffey et al., 1971) and λ234 = 2.82206 × 10−6 (Cheng et al., 2013). Th decay constant: λ230 = 9.1705 × 10−6 (Cheng et al., 
2013). *δ

234U = ([234U/238U] activity – 1) x 1000. ** δ234Uinitial was calculated based on 230Th age (T), i.e.，δ
234Uinitial = δ

234Umeasured x eλ234×T. Corrected 230Th ages 
assume the initial 230Th/232Th atomic ratio of 4.4 ± 2.2 × 10−6. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/238U value of 3.8. 
The errors are arbitrarily assumed to be 50%. ***BP stands for “Before Present” where the “Present” is defined as the year 1950 CE. 

Fig. 4. δ
18O and δ13C records of stalagmite FL2. (A) δ18O record; the black dashed line is the trend line. (B) δ13C record. The red dots at the bottom show the dating 

points with age errors. Yellow bands 1–11 represent eleven weak ASM events recorded by the δ18O data. (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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(Fig. 5). However, the age, duration, and magnitude of these weak 
summer monsoon events (WSME) differ among the different records 
(Fig. 5). For example, events 9–11 recorded by the δ18O record of sta-
lagmite FL2 have a longer duration and a larger variation than those 
recorded by stalagmite DA from Dongge cave (Fig. 5A and B), while 
other events recorded by the δ18O values of stalagmite DA correspond 
well to the FL2 record. Although the high-precision stalagmite δ

18O 
record from the SJJ cave in western Guizhou covers only the last 3000 yr 
BP (Chen et al., 2021a), it also roughly records WSME 1–5 as stalagmite 
FL2 (Fig. 5A and C). The δ18O records of the stalagmites from Furong 
cave in Southwest China and Lianhua cave, Heshang cave and Sanbao 
cave in central China also reveal a series of WSMEs similar to those 
recorded by FL2 (Fig. 5A, F, G, H and I). The differences in the dating 
errors, resolution of the stalagmite proxy records and their geographical 
setting may be the cause of the differences in the internal structure of 
these WSMEs (Duan et al., 2014). This does not change the two basic 
characteristics of summer monsoon variations recorded by stalagmites 
in central and Southwest China, namely, the overall weakening of the 
summer monsoon intensity and a series of WSMEs at the centennial scale 
(Fig. 5). 

5.2.2. Forcing of the weakened ASM 
The δ18O records of stalagmite FL2 and other stalagmite records in 

the ASM region exhibit an overall positive trend during the MLH (Figs. 5 
and 6), indicating that the ASM gradually weakened as the Northern 
Hemisphere temperature and summer insolation gradually decreased on 
a suborbital scale (Fig. 6A and G) (Wan et al., 2011; Cheng et al., 2016; 
Mohtadi et al., 2016). 

The ITCZ is the main source of water vapor and heat in the Asian 
monsoon region and is caused by evaporation and convective activity in 
the tropical Indian and Pacific Oceans (Waliser and Gautier, 1993; Dong 
and Sutton, 2002; Bao, 2007; Griffiths et al., 2016). Ocean evaporation 
is directly influenced by the air temperature, sea-surface temperature 
and wind (Zhu et al., 1986; Zhang et al., 1996; Zhang et al., 2017). Since 
6000 yr BP, the temperatures in the Northern Hemisphere have 
decreased by approximately 1.2 ◦C (Haug et al., 2001) (Fig. 6A). 
Changes in summer insolation in the Northern Hemisphere dominate the 
meridional temperature gradient between the Northern and Southern 
Hemispheres, resulting in shifts in the ITCZ, which impacts the strength 
of the ASM (Moy et al., 2002; Marcott et al., 2013; Wang et al., 2017; 
Tan et al., 2019). The change in the Ti content in Cariaco Basin sedi-
ments indicates that the ITCZ dramatically shifted southward during the 
middle to late Holocene (Fig. 6B) (Berkelhammer et al., 2014). The 
north–south shifts in the ITCZ position directly influence the amount of 
water vapor in the source region of the ASM. When the ITCZ moves 
southward, the convection of the ascending branch of the Hadley cir-
culation in the Northern Hemisphere weakens (Schneider et al., 2014; 
Zhao et al., 2016), resulting in a weaker or more southerly ISM (Fig. 6D). 

The activity and frequency of ENSO events have increased since 
5000 yr BP (Fig. 6C) (Moy et al., 2002; Rein et al., 2005; Conroy et al., 
2008; Toth et al., 2012; Zhang et al., 2014; Carré et al., 2014; Wu et al., 
2019; Du et al., 2021). When an El Niño event occurs, the Walker Cir-
culation weakens, and the ascending branch of the Walker Circulation in 
the Western Pacific Ocean moves eastward (Berkelhammer et al., 2014; 
Zhao et al., 2016). The warm surface waters of the western Pacific warm 

(caption on next column) 

Fig. 5. Comparison of paleoclimate records from central and southwestern 
China during the middle and late Holocene. (A) FL2 (this study); (B) Dongge 
Cave (DG) (Wang et al., 2005); (C) Shijiangjun Cave (SJJ) (Chen et al., 2021a, 
2021b); (D) Yelang Cave (YL) (Zhao et al., 2017); (E) Shigao Cave (SG) (Jiang 
et al., 2012); (F) Furong Cave (FR) (Li et al., 2021a); (G) Lianhua Cave (LH) 
(Zhang et al., 2013); (H) Heshang Cave (HS) (Hu et al., 2008); (I) Sanbao Cave 
(SB) (Dong et al., 2010). Yellow bands 1–11 represent eleven weak ASM events 
and the dashed black lines represent trend lines. (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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pool (WPWP) move eastward, and the extent of the warm pool decreases 
(Zhao et al., 2016; Chen and Li, 2018), which leads to a decrease in the 
surface temperature of the WPWP and a westward movement of the 
stronger western Pacific subtropical high (WPSH) (Wang et al., 2017; 
Chen and Li, 2018).Therefore, the intensity of the ASM is suppressed, the 
main water vapor source of precipitation in Southwest China is sup-
pressed, and δ

18O values of precipitation increase (Mann and Jones, 
2003; Schneider et al., 2014; Wang et al., 2017) (Fig. 6C, D, E and F). 

5.3. Coupled variations in δ18O and δ13C and the evolution of the regional 
environment 

There is a significant correlation between the δ18O and δ13C values of 
stalagmite FL2 (r = 0.620; p < 0.01; n = 410) (Fig. 4). This suggests that 
the δ13C values of this stalagmite are closely related to the changes in the 
ASM on an interdecadal–centennial time scale. The δ13C values of sta-
lagmites are affected by biological and abiotic factors influenced by 

Fig. 6. Driving mechanism of the ASM during the middle and late Holocene. (A) The red curve is the index of temperature anomalies in the Northern Hemisphere 
(Marcott et al., 2013). (B) The blue–green curve is the Ti content in Cariaco Basin sediments (Haug et al., 2001), representing the north–south shift in the ITCZ. (C) 
The light purple curve is the simulated ENSO variability (Zhao et al., 2016). (D) The orange curve shows the δ18O values of a stalagmite from Sahiya Cave, northern 
India, representing the intensity of the ISM (Kathayat et al., 2017). (E) The purple curve is the ASM intensity, PC1, of one transient simulation JJA precipitation (Jin 
et al., 2014). (F) The reddish-pink curve is the δ18O values of stalagmite FL2. (G) The gray curve is the June–July August insolation at 65◦N (Laskar et al., 2004). 
Yellow bands 1–11 mark weak ASM events recorded by the δ

18O values of stalagmite FL2. The dashed black lines represent trend lines for each record. (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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climate (Li et al., 2012a, 2018; Li and Li, 2018). Biological factors 
include the abundance of C3 and C4 plants (Cerling, 1984; Dorale et al., 
1998; McDermott, 2004), changes in vegetation density and/or type of 
biomass (Li et al., 1997), soil microbial activity including the production 
of soil CO2 (Baker et al., 1997; Li et al., 1997; Li et al., 2012a; Zhang, 
2010; Liu et al., 2016), and changes in the atmospheric CO2 concen-
tration (Rudzka et al., 2011; Rampelbergh et al., 2014). Monitoring 
caves in Southwest China revealed that the δ

13C values of drip cave 
water are controlled by the amount of precipitation and its impact on 
soil biological processes, resulting in higher δ

13CDIC values with 
decreasing precipitation and vice versa (Li and Li, 2018). Abiotic factors 
include the connectivity of bedrock fissures, ventilation in caves, and 
isotopic fractionation during carbonate deposition (Li et al., 2018). 
Higher/lower precipitation results in a weak/strong ventilation effect in 
the epikarst zone (Dreybrodt and Scholz, 2011), a shorten/extend the 
time of water–rock interaction (Baker et al., 1997; Oster et al., 2012), 
weak/strong prior calcite precipitation (PCP) (Hendy, 1971; Mickler 
et al., 2004; Liu et al., 2016), high/low CO2 partial pressure in the cave 
air (Moros et al., 2004), weak/strong isotopic fractionation during the 
deposition of speleothems (Hall et al., 2004; Spötl et al., 2005; Li et al., 
2012a), and lower/higher stalagmite δ13C values (Li and Li, 2018). Both 
the δ

18O and δ
13C values are particularly high during the four major 

climatic events in the middle and late Holocene (~5500, 4200, and 
2800 yr BP events and the MWP) (Fig. 4 and Fig. 7A). This suggests that 
the δ13C values of the stalagmite are closely related to changes in the 
ASM on the interdecadal–centennial scale (Jones and Mann, 2004; 
Zhang et al., 2004; Kuo et al., 2011). The weakened ASM resulted in less 
precipitation, depressing the vegetation coverage/density, and finally 
leading to the deterioration of the karst ecological environment (Chen 
et al., 2021b). 

The degradation of the karst environment indicated by the coupled 
change in stalagmite δ

18O and δ
13C values since the middle and late 

Holocene has also been observed in stalagmite records from other caves 
in Guizhou (Figs. 1 and 7). Based on this, we can assess the regional 
environmental evolution during the middle and late Holocene. For 
example, the δ13C values of stalagmite DA in Dongge Cave are signifi-
cantly biased in the 1–2‰ range during the events at ~5500 yr BP, 4200 
yr BP, 2800 yr BP, and the MWP (Fig. 7H) (Duan et al., 2014). During the 
MWP, the δ13C values of stalagmites were significantly higher in Zhijin 
Cave (Fig. 7E) (Kuo et al., 2011), Yelang Cave (Fig. 7F) (M. Zhao et al., 
2017), Dongge Cave (Fig. 7G) (Duan et al., 2014), Wulu Cave (Fig. 7H) 
(Mohtadi et al., 2016), Longquan Cave (Fig. 7I) (Zhang et al., 2004), and 
Shigao Cave (Fig. 7J) (Yang et al., 2014). 

With the onset of the Iron Age at ~3000 yr BP and the development 
of agriculture, the population in the Yangtze River Basin grew steadily, 
increasing from 16 million to 52 million during the period from 3000 to 
750 yr BP, as revealed from the History Database of the Global Envi-
ronment (HYDE 3.1) (Goldewijk et al., 2010; Pei et al., 2020) (Fig. 7D). 
This population growth profoundly affected the environment and its 
ecology. The δ13C values of stalagmite FL2 positively changed by 4‰ in 
this period (Fig. 7A). Based on a reconstruction derived from the 
abundance of black carbon in sediment core ECMZ from the continental 
shelf of the East China Sea, the millennial scale reduction in regional fire 
activity since ~3000 yr BP was caused by a general decrease in forest 
coverage due to increasing human activity (Fig. 7B) (Pei et al., 2020). In 
contrast, the centennial scale increase in biomass burning usually 
coincided with periods characterized by increasing human activity 
associated with population migration or technological advances (Huang 
et al., 2014; Zhang et al., 2015a,b; Yuan et al., 2022). In addition, the 
abundance of microcharcoal in core GT-2 from a peat bog in southern 
China increased from 630 to 10,400 (grains/cm2 yr) (Fig. 1, Fig. 7C), 
indicating increased fire activity in southern China since 1800 yr BP (Ma 
et al., 2018). All these lines of evidence point to a general decrease in 
forest coverage, a degradation of the regional environment and 
increasing human activities in the Yangtze River Basin and Southwest 
China in the late Holocene. 

The MWP was an era of profound socioeconomic turbulence in 
China, and event 1 coincides with this period (Figs. 4 and 7). At the end 
of the Northern Song Dynasty (1127 CE), the army of the Jin Dynasty 
conquered Kaifeng City, the capital of the Northern Song Dynasty, and 
captured the Huizong and Qinzong emperors, 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). The JK event fundamentally 
changed the spatial pattern of Chinese society and the economy. After 
the JK event, the political and economic center shifted from the Yellow 
River Basin in northern China to the Yangtze River Basin in southern 
China (Dai and Bie, 2015) (Fig. 8), associated with a massive migration 
of people from northern to southern China (including Guizhou Province) 
(Zhang et al., 2004; Liu et al., 2011; Zhang et al., 2015a,b). From 1000 to 
1150 CE D, the total population in the Yangtze River Basin increased 
from ~23 to ~52 million (Fig. 7D) (Goldewijk et al., 2010; Pei et al., 
2020). 

During the Northern Song Dynasty, the government set up Zunyi 
County in Yang’s jurisdiction of Bozhou (1108 CE) (now Zunyi City, 
Guizhou province). Historical documents show that at the end of the 
Northern Song Dynasty the jurisdiction extent of Bozhou was mainly in 
northern Guizhou Province, and the population was less than ten 
thousand households (Zhang, 1980; Ma and Chen, 2015; Li, 2018a). In 
contrast, during the Southern Song Dynasty, the jurisdiction of Bozhou 
expanded to the south of the Wujiang River and into central and 
southern Guizhou Province (Fig. 8) (Zhang, 1980; Hou, 1996; Zhang, 
2003). Subsequently, the Mongolian army invaded toward south China 
from Litang, Sichuan, conquered Dali country, stationed in Kunming, 
Xingyi and its surroundings, and finally invaded the middle and lower 
reaches of the Yangtze River from Guizhou to occupy the Southern Song 
Dynasty (1235 CE) (Fig. 8) (Wang and Li, 2021). A series of later wars 
resulted in large-scale migrations of people from northern to southern 
China, and increased human activities such as deforestation and land 
reclamation. This strong anthropogenic impact (Figs. 7 and 8) combined 
with the weak summer monsoon (Fig. 5A) led to an ecological deterio-
ration in southwest Guizhou (Fig. 7). 

Because of the differences in resolution, dating accuracy and the 
duration of available records (Figs. 4 and 5), detailed comparisons of 
changes in the karst environment in Southwest China are challenging. 
However, based on the analysis of available data, it can be confirmed 
that the weakening of the summer monsoon and the enhancement of 
human activity since the middle Holocene are recorded by the positive 
covariation of stalagmite δ18O and δ13C values (Li and Li, 2018; Chen 
et al., 2021b). It has been further confirmed that climate and human 
activities have controlled the evolution of the karst ecological environ-
ment (Chen et al., 2021b). Our study also confirms the hypothesis that 
the degradation of the regional karst environment was caused by climate 
change, social change and associated population increase (Chen et al., 
2021b). 

6. Conclusions 

In this study, the evolution of the ASM and the regional karst envi-
ronment during the middle to late Holocene (6270–670 yr BP) was 
reconstructed based on230Th dating and the δ

18O and δ
13C data of a 

stalagmite from Southwest China. During this period, the ASM experi-
enced a weakening trend in response to decreased insolation, a south-
ward migration of the ITCZ, and frequent El Niño events, as well as a 
superimposed series of interdecadal–centennial scale weak summer 
monsoon events. 

The significant positive correlation between the δ18O and δ13C values 
of the stalagmite suggests that the karst ecological environment is sen-
sitive to ASM changes. A comparative analysis of several stalagmite 
records from this region reveals that climatic events at ~5500 yr BP, 
4200 yr BP, 2800 yr BP and during the MWP are consistently recorded, 
characterized by synchronous increases in the δ

18O and δ
13C values. 

These results indicate the changes in the karst hydrological conditions 
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Fig. 7. Evolution of the karst environment in Southwest China since 6000 yr BP based on regional stalagmite δ13C and other records. (A) δ13C of stalagmite FL2 (blue 
curve, this study). (B) Black carbon abundance from the East China Sea, representing the fire history in the Yangtze River Basin (pink curve, Pei et al., 2020). (C) 
Microscopic charcoal influx recorded in the GT-2 core, representing the fire history in southern China (grass-green curve, Ma and Chen, 2015). (D) Population 
amount in the Yangtze River Basin (source: HYDE 3.1; red curve, Goldewijk et al., 2010; Pei et al., 2020); (E) Zhijin Cave (green curve, Kuo et al., 2011); (F) Yelang 
Cave (light blue curve, Zhao et al., 2017); (G) Dongge Cave (reddish-pink curve, Wang et al., 2005); (H) Wulu Cave (purple curve, Mohtadi et al., 2016); (I) Longquan 
Cave (blue green curve, Zhang et al., 2004); (J) Shigao Cave (orange curve, Yang et al., 2014). The gray bands represent the MWP, 2.8 ka event, 4.2 ka event, and 5.5 
ka event. The grass-green band represents the Jing-Kang event (JK event). (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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and the degradation of vegetation and soil biological processes in 
Southwest China induced by ASM weakening. Therefore, the weakening 
of the summer monsoon and the sustained growth and southward 
migration of the Chinese population may have eventually caused the 
deterioration of the ecological environment in the karst regions of 
Southwest China since the middle Holocene. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2023.111437. 
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Wang, T., Li, J.-Y., Wu, Y., Liu, Z.Q., Edwards, R.L., Yu, T.-L., 2021b. Little Ice Age 
climate changes in Southwest China from a stalagmite δ18O record. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 562, 110167. 

Liu, Z.-H., Sun, H.-L., Li, H.-C., Wan, N.-J., 2011. δ13C, δ18O and deposition rate of tufa in 
Xiangshui River, SW China, Implications for land-cover change caused by climate 
and human impact during the late Holocene. Geol. Soc. Lond. Spec. Publ. 352, 
85–96. 

Liu, Z.-Q., Li, H.-C., Xiong, K.-N., Yuan, D.-X., Ying, B., Xu, X.-M., Li, J.-Y., 2008. 
Implication for sampling paleo-climate indicators by monitoring seasonal variations 
of δD and δ18O in cave waters. Carsol. Sin. 2, 139–144. (In Chinese with English 
abstrct and figures). 

R. Duan et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643299028
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643299028
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643315748
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643315748
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643315748
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643349148
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643349148
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643349148
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643349148
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622055514
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622055514
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622055514
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622055514
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622080064
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622080064
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622080064
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622080064
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622080064
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622100744
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622100744
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622100744
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622100744
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622119914
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622119914
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622119914
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622300204
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622300204
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622300204
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622324674
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622324674
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622324674
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040622324674
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643365207
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643365207
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643365207
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040623468153
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040623468153
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040623468153
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040623468153
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624040653
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624040653
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624040653
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624270053
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624270053
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040624270053
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625549943
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625549943
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625578022
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625578022
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625578022
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040625578022
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643385067
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643385067
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643385067
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040637176430
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040637176430
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040637176430
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643404387
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643404387
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643404387
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626113482
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626113482
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626113482
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638466320
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638466320
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638466320
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626150312
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626150312
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626150312
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638595470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638595470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040638595470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643562686
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643562686
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643562686
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626164102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626164102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626164102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643586876
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643586876
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643586876
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040643586876
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626316131
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626316131
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626402102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626402102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626402102
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644006366
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644006366
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626416411
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626416411
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644035086
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644035086
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644035086
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626428972
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040626428972
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627102461
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627102461
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627102461
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627130671
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627130671
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040627130671
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628094901
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628094901
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628094901
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628094901
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644178976
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644178976
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644178976
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628402521
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628402521
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628402521
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628402521
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628552470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628552470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040628552470
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629013750
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629013750
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629013750
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629033451
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629053710
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629053710
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629053710
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644230906
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644230906
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644230906
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629078460
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629078460
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629078460
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630064414
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630064414
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630064414
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629215424
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629215424
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644274446
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644274446
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644274446
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629525954
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040629525954
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644253656
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644253656
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644253656
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630288793
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630288793
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630288793
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630261183
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630261183
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630261183
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630261183
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630309643
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630309643
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630309643
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644299586
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644299586
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644299586
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040644299586
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630564363
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630564363
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630564363
http://refhub.elsevier.com/S0031-0182(23)00055-X/rf202302040630564363


Palaeogeography, Palaeoclimatology, Palaeoecology 615 (2023) 111437

12

Ma, G.J., Chen, D.M., 2015. On the governance to South-western parts in the Yuan, Ming 
and Qing dynasties from the change of the Yang Clan’s jurisdiction (in Chinese). 
J. Zunyi Norm. Univ. 17 (02), 7–12. 

Ma, T., Zheng, Z., Man, M., Dong, Y.X., Li, J., Huang, K.Y., 2018. Holocene fire and forest 
histories in relation to climate change and agriculture development in southeastern 
China. Quat. Int. 488, 30–40. 

Mann, M.E., Jones, P.D., 2003. Jones Global surface temperatures over the past two 
millennia. Geophys. Res. Lett. 30, 1820. 

Marcott, S.A., Shakun, J.D., Clark, P.U., Mix, A.C., 2013. A reconstruction of regional and 
global temperature for the past 11,300 years. Science 339, 1198–1201. 

McDermott, F., 2004. Palaeo-climate reconstruction from stable isotope variations in 
speleothems, a review. Quat. Sci. Rev. 23, 901–918. 

Mickler, P.J., Banner, J.L., Stern, L., Asmerom, Y., Edwards, R.L., Ito, E., 2004. Stable 
isotope variations in modern tropical speleothems, evaluating equilibrium vs. 
Kinetic isotope effects. Geochim. Cosmochim. Acta 68, 4381–4393. 

Mohtadi, M., Prange, M.S., Steinke, S., 2016. Palaeoclimatic insights into forcing and 
response of monsoon rainfall. Nature 533, 191–199. 

Moros, M., Emeis, K.C., Risebrobakken, B., Snowball, I., Kuijpers, A., Mcmanus, J., 
Jansen, E., 2004. Sea surface temperatures and ice rafting in the Holocene North 
Atlantic, climate influences on northern Europe and Greenland. Quat. Sci. Rev. 23, 
2113–2126. 

Moy, C.M., Seltzer, G.O., Rodbell, D.T., Anderson, D.M., 2002. Variability of El Niño/ 
Southern oscillation activity at millennial timescales during the Holocene epoch. 
Nature 420, 162–165. 
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Spötl, C., Fairchild, I., Tooth, A.F., 2005. Cave air control on dripwater geochemistry, 
Obir Caves Austria, implications for speleothem deposition in dynamically ventilated 
caves. Geochim. Cosmochim. Acta 69, 2451–2468. 
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