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VARIATION OF 3%C IN PLANT-SOIL-CAVE SYSTEMS IN KARST REGIONS
WITH DIFFERENT DEGREES OF ROCKY DESERTIFICATION IN SOUTHWEST
CHINA AND IMPLICATIONS FOR PALEOENVIRONMENT RECONSTRUCTION

Ting-Yong Li" 2 ¢, Chun-Xia Huang', Lijun Tian®, Marina B. Suarez®, Yongli Gao®

Abstract

Speleothem 3"C has been taken as an indicator of the history of rocky desertification, and changes in 3'*C have been
thought to reflect the transition between C3 and C4 surface vegetation types. In this study the 8"C values of plants,
soil organic matter (SOM), dissolved inorganic carbon (DIC) of waters and modern calcite deposits in caves were in-
vestigated at five sites with different rocky desertification degree (RDD) in Southwest China. The main results can be
summarized as follows: (1) dominant vegetation was the C3 type, with average plant 3'*C values ranging from —26 %o
to —32 %0 (V-PDB), and SOM &"C values ranging from —20 %o to —25 %o (V-PDB) for all the sites; (2) large variation
for the 3"3C of DIC from drip water and modern calcite deposits in caves, which must be the result of multiple, inorganic
factors in the epikarst zone and not the local vegetation type; (3) a proposed conceptual model to demonstrate that the
evolution of Asian summer monsoon (ASM) can be recorded in speleothem 8'*C due to changes in epikarst zone hy-
drological conditions, exerting influence on stable carbon isotopes’ fractionation, and not necessarily due to changing
vegetation types in the subtropical zone of Southwest China.

Introduction

Karst is one of the most fragile and vulnerable environments because of the low soil formation rate and high per-
meability of carbonate rocks. Rocky desertification is defined as the transformation of vegetation- and soil-covered
karst areas into rocky landscape under the action of natural processes of hydrology and ecology, and through human
activities (Yuan 1997; Jiang et al., 2014). The causes for initiation and development of rocky desertification, including
the contributions from natural processes and human activities, are still unknown. To prevent and rehabilitate rocky de-
sertification of karst areas, it is essential to know the history of rocky desertification for a specific region.

Speleothems in karst caves record climatic and ecologic information in geochemical proxies, such as the stable
isotopes of oxygen and carbon (5'®0 and 3'*C), and the concentrations of several elements (Fairchild et al., 2006). 5'3C
and 3'®0 have been the most popular proxies in the reconstruction of paleoclimate and paleoenvironmental changes
(Dorale et al., 1992; Genty et al., 2003; Fairchild et al., 2006). 8*C of soil CO, is controlled by the proportion of biomass
from C3 and C4 plants and the CO, respiration of soil in different climatic conditions (Cerling, 1984; Mattey et al., 2016).
Itis considered that the variations of speleothem §'*C can reflect the changes of regional vegetation, because the differ-
ent photosynthetic pathways of different plant types result in different 3'*C values: C4 vegetation has much higher §'3C
(typically around —12 %o), while carbon isotopic composition of C3 vegetation is close to —25 %o (McDermott, 2004);
the 8"3C of associated speleothems is —6 %o to +2 %o with overlying C4 plants, and —14 %o to —6 %o with overlying C3
plants (Salomons and Mook, 1986, p. 241-269; McDermott, 2004). However, direct correlation of the speleothem §™C
with regional vegetation is a simplified or idealized understanding. In reality, complex processes in soil and the epikarst
zone will influence the migration of carbon isotopes and disturb the correlation between the speleothem geochemistry
and overlying vegetation (Hendy, 1971; Salomons and Mook, 1986, p. 241-269; Coplen et al., 1994; Bar-Matthews et
al., 1996; Baker et al., 1997; Fairchild et al., 2006; Frisia et al., 2011). The most recent publications have emphasized
the influence of regional, hydrological circulation and the soil humidity balance on stalagmite C (Li et al., 2007; Liu
et al.,, 2016).

Rocky desertification is a serious ecological and environmental problem in Southwest China (Jiang et al., 2014). In
order to understand the origin and history of regional, rocky desertification, research on the mechanism of carbon iso-
tope migration in karst systems, based on cave monitoring, has been carried out (Luo et al., 2009; Li et al., 2011, 2012).
As well, reconstruction of the evolution of regional vegetation via the §'*C records of speleothems has been done (Li
et al., 1998). Li et al. (2012) studied the transition of 3'*C signals from overlying plants, soil, and bedrock, in cave water
and modern deposits in Furong Cave, Southwest China. However, investigation of the 3'*C characteristics of modern
plants and soils in karst regions with different rocky desertification degree (RDD) has been rare.

"Chongging Key Laboratory of Karst Environment, School of Geographical Sciences, Southwest University, Chongqging, 400715

2Field Scientific Observation & Research Base of Karst Eco-environments at Nanchuan in Chongging, Ministry of Land and Resources of China,
Chongging 408435, China

3 Department of Geological Sciences, University of Texas at San Antonio, San Antonio, TX 78249, USA

CCorresponding author: cdlty@swu.edu.cn
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In this paper, the organic carbon 33C of living plants (including leaves, branches, stems and roots) and soil at five
sites with different rocky desertification degree (RDD) in Southwest China was investigated. In addition, the 3'°C of
dissolved inorganic carbon (DIC-3"C) of cave water in three caves was also monitored. This will increase knowledge
about modern vegetation of karst areas in subtropical Southwest China, the transition of §'3C signals in the epikarst
zone with different RDD, and provide greater insight for paleoenvironment reconstruction via speleothem 33C.

Study Area

The most typical karst landscapes in China are concentrated in Southwest China. Four research sites with different
RDD were chosen (Nanchuan, Guanling, Liuzhi and Panxian) (Fig. 1, Table 1) and a previous case study above Furong
Cave (Wulong County, Chongging City) (Li et al., 2012) was used as a comparison.

A humid, subtropical monsoon climate prevails in Southwest China, with precipitation in the April to October rainy
season accounting for approximately 70-80 % of the annual rainfall (Li et al., 2011, 2014). The average annual tempera-
ture is 18.0 °C in Wulong County (above Furong Cave) and 8.0 °C at Jinfo Mountain, Nanchuan district (above Yangkou
Cave, based on meteorological data during 2012 to 2017), with the annual rainfall at these locations being 1200 mm
and 1348 mm, respectively (Li et al., 2011, 2012). Average annual temperature in Guanling County (above Naduo Cave)
is 14.2 °C and the annual rainfall is 1293 mm (Shen et al., 2016). For Panxian County and Liuzhi Special District in
Liupanshui City, the annual temperature/rainfall are 11.9 °C/1234 mm and 14.2 °C/1476 mm, respectively (baike.baidu.
com). Detailed geographical information, local vegetation, soil thickness of the study areas and host rock thickness
above the corresponding caves are presented in Table 1.
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Figure 1. Location map showing the study area and specific sites. (A) The yellow rectangle indicates the study area and cyan arrows de-
note the directions of the East Asian summer monsoon (EASM) and ISM, which dominate the climate in Eastern and Southern China. (B)
Enlarged map of study area. Red solid circles indicate the locations of Furong Cave (FR) (Li et al., 2011, 2012) and Yangkou Cave (YK) (Li
et al., 2014a) in Chongging City; Liuzhi Special District (LZ), Panxian County (PX) and Naduo Cave (ND) in Guizhou province. The brown,
solid circle indicates the location of Heshang Cave (HS) (Hu et al., 2008a), which is referred to in this work. Subfigures (C), (D), (E), (F)
and (G) show the local vegetation, landform and the situation of rocky desertification at these five study sites. The detailed geographical
information of these areas has been described in Table 1.
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Sampling and Analytical Methods

Soil and Plant Samples

Based on the assessment of landform, plant families and vegetation intensity for each research site, one to three
soil profiles were dug down to the bedrock, resulting in soil profile depths in the range of 12 cm to 125 cm (Table 1).
Soil subsamples were collected at 3 cm to 10 cm intervals from the bottom to the top of each profile, with 125 soil sub-
samples collected in total (Table 1). The local vegetation was investigated by a 10 m x 10 m quadrat survey and 103
plant samples were collected in total, including the dominant trees, shrubs and grasses (Li et al., 2012, Table 1). For
each site, detailed information about the soil profiles, local vegetation and RDD classification are presented in Table 1.

Before analysis for organic carbon 8'*C, samples were prepared as follows: Sufficient HCI (5 % v/v) was used to
release inorganic carbon from soil subsamples, which were subsequently dehydrated in air at 25 °C and ground into
powder with a diameter of less than 50 ym. Plant samples were ultrasonically cleaned for 15 min in deionized water,
dried at 50 °C for 48 h, and ground into powder with a diameter less than 150 um. The detailed procedures are de-
scribed by Li et al. (2012).

3"C analysis of organic matter contained in soil and plant subsamples from Chongging City were conducted in the
School of Geographical Sciences, Southwest University, China. The analytical instrument was the Thermo Delta V
Plus, interfaced with a Flash 1200 Elemental Analyzer (EA)/Conflo-Ill. For the soil and plant samples from Guizhou
Province, 8"C analysis of organic carbon was performed in the Department of Geological Sciences, University of Tex-
as at San Antonio, USA. The analytical instrument was the Thermo Finnigan Delta Plus XP interfaced with a Costech
Elemental Analyzer. For both instruments, the analytical error for 3'3C was less than 0.1 %o (10). All the reported results
of 8"3C were given with respect to V-PDB, using internal international standards: USGS-24 graphite (3'*°C = —15.99 %),
IAEA 600 caffeine (8'°C = —27.77 %.), ANU Sucrose (8"C = —10.45 %o) and Fisher caffeine (8"*C = —35.4 %o).

CO2 Concentrations of Cave and Soil Air

The CO, concentration (pCO,) of cave air was monitored at drip-water sites (1# through 6#) in Yangkou Cave in
Nanchuan district, Chonggqing, with results shown in Fig. 2 (Wang et al., 2014). The instrument for determining pCO,
was infrared device TESTO 535, with a measuring range
of 0 ppmV to 9999 ppmV and resolution of 1 ppmV. Three
I soil profiles from above Yangkou Cave (JF-1, JF-2 and

JF-3) were monitored for the pCO, of soil air at depths
of 20 and 50 cm. The pCO, was determined using the
Komyo Rikagaku kogyo K.K with AP-20 aspirating pump
and 126SA test tube, which had a measuring range of
100 ppmV to 50,000 ppmV and resolution greater than
50 ppmV.
Discharge Rate of Drip Water and Temperature of
Cave Air

The discharge rate of the six drip water sites (#1
through #6) in Yangkou Cave was monitored. Depending

0o 100m N
(A)

3
0O
W
et éﬁ
Ajﬁm
MP
O Drip water

Entrance on the water drip rate, the drip water was collected using
10 mL or 100 mL cylinders; the top of each cylinder had
(B) =N | afunnel shape with 9 cm diameter. The volume of water

collected in one minute was taken to reflect the discharge
rate of the drip water (mL/min), and these in situ mea-
surements were conducted monthly.

In the period from February 2012 to June 2014, the air
temperature in the cave at about 5 m by site 3# was con-
tinuously recorded at 2 h intervals using the U12-011 tem-

11 perature recorder (Onset company, USA), with an error
of =0.1 °C. Data were downloaded via HOBO software
every month.

DIC-813C in Cave Water

The DIC-3"C variation of drip water at six sites in

Yangkou Cave (1# through 6#) was monitored. In situ

O Drip water
O Drip water

Figure 2. Sketch map of Furong Cave, Yangkou Cave and Naduo
Cave and the distribution of the drip-water monitoring sites in the
caves. These maps were modified from: (A) Furong Cave (Li et al.,
2011); (B) Yangkou Cave (Wang et al., 2014); (C) Naduo Cave (Shen
etal., 2016).

sampling of drip water was conducted monthly in the pe-
riod from July 2013 to October 2015. Collecting time for
drip water varied in the range of 2 s to 50 min, based on
the drip rate at the specific drip site and the month. To
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Table 2. 5°C and 50 values of modern deposits water (20 mL) collected from each monitoring site, saturated

in Yangkou Cave, Jinfo Mts. Chongqing. aqueous HgCl, solution (0.2 mL) was added instantly to avoid
Sample 815C, %o 580, %o potential isotopic fractionation by the effect of microorgan-
isms. Water samples were sealed tightly and stored in the
modern-1 -6.7 -6.8 .
laboratory refrigerator at 5 °C. CO, for the measurement of
modern-2 —6.3 6.8 the DIC was produced by the chemical reaction of phosphoric
modern-3 —5.4 —6.0 acid with the water sample. The DIC-8"C analyses of water
modern-4 -8.4 -7.6 samples were performed in the School of Geographical Sci-
modern-5 6.3 —71 ences, Southwest University, China, using the Thermo Delta
modern-6 6.9 79 V Plus inte_rfaced with t.he Thermo Gas Bench automated ap-
paratus, with an analytical error of less than 0.2 %o (10).
modern-7 -7.8 -7.4 . .
For Furong Cave, located in Wulong County, Chongging
(Fig. 1), the DIC-3"C of cave water from the published data
Mean —6.8 -7.0 by Li et al. (2012) was used (Fig. 2A). For Naduo Cave, locat-
Std. dev. 1.0 0.5 ed in Guanling County, Guizhou Province (Fig. 1), the DIC-

3"C of cave water from the published data by Shen et al.
(2016) was used (Fig. 2C). There were no caves in the sites
of Liuzi Special District and Panxian County, Guizhou province (Table 3).
8"3C of Cave “modern deposits” and Bedrock
Glass plates were placed under the six drip-water sites in Yangkou Cave to collect modern deposits, as was done
in Furong Cave (Li et al., 2011, 2012). Only the deposits on artificially-placed substrates under drip water are accurate
modern deposits. However, as there was no visible deposit on the plates through the monitoring period over several
years, powders were scraped (less than 1 mm in depth) from the tops of stalagmites under drip sites without signs of

Table 3. Changes of 3'°C in karst regions at different RDD, Southwest China.

Average 8"C, %o

Thickness
Correspond  of Host DIC of drip Modern
Sites cave rock, m RDD Plants Soils, SOM Bedrock water deposits Note

Wulong County Furong Cave 300-500 No —31.8 +4.3a -22.0* 1.4a -11x13 —-11.1 £ 0.6a —10.5+0.7a Lietal (2012)a

Nanchuan District ~ Yangkou Cave 50-100 No -289*+18 -246=*05 39*05 -3.0+x27 -6.8*x1.0 This study

Guanling County Naduo Cave 30-85 Light —26.2+74 -20.6+0.9 1.5+1.4 -53*+22b —-6.5+1.4 Shenetal (2016)b
Liuzhi Special District NCCc Moderate -27.5+55 —-19.9*13 -0.2+0.0(n=1) This study

Panxian County NCCc Severe —-265+42 -212+15 3.6 09 This study

a Referred from Li et al. (2012)
b Referred from Shen et al. (2016)
¢ NCC = no corresponding cave identified but plants, soil, and bedrock samples were collected.

Month Month Month Month
0 2 4 6 81012 0 2 4 6 81012 0 2 46 81012 0 2 4 6 8 1012 o
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Figure 3. Monthly air temperature (°C) and precipitation (mm) for the study sites. (A) Wulong County (the location of Furong Cave), based
on meteorological data from 2005 to 2016). (B) Jinfo Mt., Nanchuan District (the location of Yangkou Cave), based on meteorological data
from 2012 to 2017. (C), (D), and (E) Anshun (the location of Naduo Cave), Liuzhi and Panxian, respectively, based on meteorological data
from 1988 to 2010 from the meteorological data center of China Meteorological Administration (http:/data.cma.cn/).
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erosion or dissolution. Otherwise, visible, fresh deposits were collected from the surface of collapsed bedrock with drip
water instead. These artificial, modern deposits would not influence the relationship between the DIC-3"C of drip water
and RDD, because the relationship between drip water and deposit 8'°C is influenced by cave-related factors (e.g. ven-
tilation, CO,degassing). Whereas the relationship between DIC-3"C of drip water and RDD is influenced by the factors
in soil and the host rock. Analysis of 3°C in the “modern deposits” samples was performed in the School of Geographi-
cal Sciences, Southwest University, China, using the Kiel IV carbonate device and Thermo Delta V Plus, with analytical
error of below 0.1 %0 (10). For each study area (Fig. 1), from above the cave and from near the drip-water sites in the
cave, several blocks of bedrock were collected, broken by hammer and powder scraped from the fresh surface. The
d"3C content of this bedrock powder was determined using the same instruments as for the modern deposit samples.

Results

813C of Plants

Twenty-four plant samples (classified as 24 species from 20 families) were collected from above Yangkou Cave (Jin-
fo Mt., Chongging) (Supplementary Table 1). All of these plants were dominant species in the karst area of Southwest
China. The 3™C values of the plants ranged from —25.0 %o to —32.2 %o, with the average being —28.9 %o = 1.8 %o.
Twenty-eight plant samples were collected from above Naduo Cave (Guanling County, Guizhou province), with 3'°C
values ranging from —11.2 %o to —32.2 %o, with an average of —26.2 %o * 7.4 %o (Supplementary Table 2). For the 27
plant samples collected in Liuzhi Special District, the 3'*C values ranged from —12.0 %o to —32.4 %o with an average
of —27.5 %o * 5.5 %o (Supplementary Table 3). Of the 24 plant samples collected in Panxian County, the 3"*C values
ranged from —13.1 %o to —29.8 %o, and the average was —26.5 %o = 4.2 %o (Supplementary Table 4).

8"3C of soil organic matter (SOM)

Three soil profiles were dug above Yangkou Cave, named JF-1, JF-2 and JF-3 at depths of 120 cm, 125 cm, and 73
cm, respectively (Table 1). For each profile, the average 8"C values of SOM (8"C,,) were —24.4 %o + 0.5 %o, —24.9 %o
+ 0.3 %o, and —24.2 %o * 0.4 %o (Fig. 4A; Supplementary Table 5), respectively. The soil profile above Naduo Cave was
85 cm in depth (Table 1), with an average 8"C,, of —20.6 %o + 0.9 %o (Fig. 4B; Supplementary Table 6). The average
3"C,,, Values of three soil profiles in Liuzhi Special District were —19.8 %o * 0.4 %o, —19.2 %0 * 1.5 %o and —21.3 %o
*+ 0.4 %o, and the average was —19.9 %o = 1.3 %o for all soil samples (Fig. 4C; Supplementary Table 7). The average
d"C,,, Values of three soil profiles in Panxian County were —23.0 %o * 0.7 %o, —21.5 = 1.7 %o, and —20.4 %o = 0.9 %o
and the average was —21.2 %o = 1.5 %o for all of these soil samples (Fig. 4D; Supplementary Table 8).

CO, Concentration of Soil Air above Yangkou Cave

The CO, concentration of soil air above Yangkou Cave changed seasonally in the range of 200-6800 ppmV, gener-
ally with higher values in summer and autumn months and lower values in winter and spring months (Fig. 5). Depth of
soil profiles JF-1 and JF-2 were 120 cm and 125 cm, respectively, deeper than that of profile JF-3 at 70 cm (Table 1).
Correspondingly, the average CO, concentration of soil air in JF-1 and JF-2 was 950 ppmV and 1300 ppmV, respec-
tively, higher than in JF-3 at 800 ppmV.

CO, Concentration of Cave Air in Yangkou Cave

For the six cave air CO,-monitored sites (1#-6#, as drip water sites), the CO, concentration changed in the range
of 308 ppmV to 554 ppmV, 326 ppmV to 654 ppmV, 316 ppmV to 800 ppmV, 333 ppmV to 622 ppmV, 346 ppmV to
781 ppmV and 312 ppmV to 544 ppmV, with an average of 388 ppmV, 412 ppmV, 446 ppmV, 402 ppmV, 445 ppmV,
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Figure 4. The 3"*CSOM of soil profiles in: (A) Jinfo Mt., above Yangkou Cave, (B) Anshun country, the location of Naduo Cave, (C) Liuzhi
Special District, and (D) Panxian County in Guizhou province.
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and 385 ppmV, respectively. There were
obvious seasonal changes of cave air CO,
concentration in Yangkou Cave, with high-
er values in the 600 ppmV to 800 ppmV
range in summer months and lower val-
ues in the 300 ppmV to 400 ppmV range
in winter and spring months (Fig. 6).

The relatively low soil CO, concen-
tration above Yangkou Cave and air CO,
concentration in Yangkou Cave were in
contrast with the global average con-
centration of atmospheric CO, (~400
ppmV). This could possibly be attributed
to analytical uncertainty (i.e., 50 ppmV
for soil CO,). Additionally, the high eleva-
tion above Yangkou Cave, which is more
than 2,100 m a.s.l. and frequently frozen
in winter months because of the low air
temperature, resulted in significant de-
pression of soil CO, production. Despite
this phenomenon, the seasonal changes
of CO, concentration in the soil and in the
cave were clear.

Discharge Rate Variation of Drip
Water in Yangkou Cave

The average discharge rate for the six
drip-water sites (1#-6#) in Yangkou Cave
were 178.6 mL/min, 141.5 mL/min, 15.4
mL/min, 2.8 mL/min, 6.9 mL/min, and 96.3
mL/min, respectively. Except at site 5#,
there was no obvious seasonal change in
the discharge rate (Fig. 7). For all the drip
sites, the discharge changed in the range
of 2.6 mL/min and
898.0 mL/min, 17.0
mL/min and 269.0
mL/min, 5.0 mL/min
and 28.0 mL/min, 0.4
mL/min and 22.0 mL/
min, 1.0 mL/min and
27.0 mL/min, and 3.9
mL/min, and 322.0
mL/min, respective-
ly. This huge range
in the change of dis-
charge rate indicated
that most of the drip
waters monitored in
Yangkou Cave were
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Figure 6. Monthly changes of cave air CO, concentration for the six drip-water monitoring sites in Yangkou

Cave.
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| l | Air Temperature in Yangkou
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In the period from February
2012 to June 2014, the air tem-
perature in Yangkou Cave fluctu-
700 <+ ated in the range of 1.4 °C — 17.2
/ v °C (Fig. 8), with higher tempera-
tures in the summer months and
lower values in winter months,
similar to the seasonal change of
regional air temperature outside
the cave (Fig. 3B). For the whole
monitoring period, the monthly
mean air temperature in Yangk-
ou Cave was 7.4 °C, close to the
value of 7.5 °C, reported by Li et
al. (2014a).
813C of DIC, Bedrock and
Modern Deposits

The average DIC-3'°C values
for the six drip-water sites (1#-
6#) in Yangkou Cave were —5.1

| | o
%0 * 2.3 %o, —3.0 %o = 1.9 %o,
2013 2014 2015 —5.8 %o *+ 1.8 %o, —0.3 %0 + 1.0

Year (A.D) %o, —0.5 %o * 1.4 %o, and —1.8
%o = 1.8 %o, respectively (Fig. 9).
The great fluctuation in the rang-
es of drip water DIC-3"C (4 %o to
10 %o) in Yangkou Cave (Fig. 9) should partially be attributed to the relatively open channel of the cave and the consid-
erable cave ventilation effect (Fairchild et al., 2006), as partly indicated by the huge magnitude of air temperature fluc-
tuations in Yangkou Cave (1.4 to
17.2 °C) (Fig. 8). Other potential
—— Maxium reasons for the irregular change
in drip water DIC-3"C in Yangkou
T Average Cave could include the seasonal
—e— Minimum change of soil CO, production
and the equilibrium between soil
water and soil CO, (Baker et al.,
1997). Both are closely related to
changeable precipitation and soil
hydrological conditions.
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Figure 7. Monthly changes of the discharge rate for the six drip-water monitoring sites in Yangkou
Cave.

i Sixteen subsamples of bed-
rock were collected in total, 11
—— in Yangkou Cave and five out of
the cave, with the average 3'°C
— values being 4.1%o. and 3.5%.,
respectively. For all the bedrock
—— subsamples, the average &%C

was 3.9 %o * 0.5 %o (Supplemen-
L4 LU ] tary Table 9). The 57C values of
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seven “modern deposit” subsam-

2012 2013 2014 ples collected in Yangkou Cave,
ranged from —5.4 %o to —8.4 %o,

Year (A.D) with an average value of —6.8 %o

+ 1.0 %o (Table 3).

Figure 8. Monthly changes of cave air temperature, monitored at about five m from site 3# in
Yangkou Cave (Fig. 2C).
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Discussion

Differences in 5°C of Regional Plants

For all sites mentioned in this study, Wulong, Nanchuan, Guanling, Liuzhi and Panxian, the average 8'*C of local
plants was —31.8 %o * 4.3 %o (Li et al., 2012), —28.9 %o * 1.8 %o, —26.2 %o * 7.4 %o, —27.5 %o = 5.5 %o, and —26.5 %o
*+ 4.2 %o, respectively (Table 3).

The average 3'°C value of the plants above Naduo Cave (in Guanling County), —26.2 %o, was close to that of plants
above Yangkou Cave (—28.9 %o). The relatively large standard deviation (7.4 %o for Naduo Cave vs. 1.8 %o for Yangkou
Cave), was attributed to four species above Naduo Cave: Pogonatherum paniceum, Imperata cylindrica, Sorghum bi-
color and Capillipedium assimile, with 3'*C values higher than -13%. (Supplementary Table 2). Sorghum bicolor is a
crop introduced from Northern China. Pogonatherum paniceum, Imperata cylindrica and Capillipedium assimile are
local grasses; these account for an especially small proportion (< 3%) of local biomass, based on the field investigation.
Exclusion of these four species resulted in an average 8"C for plants above Naduo Cave of —29.9 %o = 1.6 %o.

For Liuzhi Special District, the species of Arthraxon hispidus, Imperata cylindrica and Zea mays, which are Gram-
ineae plants, had higher 3'3C values of around —12 %o to —13 %o (Supplementary Table 3). Exclusion of these three
species resulted in an average 8"C for the other 24 plant samples of —29.4 %o * 1.6 %.. Zea mays is a crop and Ar-
thraxon hispidus and Imperata cylindrical are grasses. For most local plants in Liuzhi, the 3'3C value is around —29 %o.

For Panxian County, the Gramineae grass species Imperata cylindrica and Arthraxon hispidus, with higher 8°C val-
ues of —13.4 %o and —13.1 %o, respectively, accounted for a relatively small proportion of local, total biomass. Exclusion
of these two species resulted in an average 3'C for the other 22 plant samples of —27.7 %o + 1.1 %o, with all 3'°C values
below —25 %o (Supplementary Table 4).

In summary, for most of the present vegetation in these four study sites, the average 3'*C of plants consistently
matched the 3'3C distribution of modern C3 photosynthesis vegetation (—20 %o to —35 %) (Dienes, 1980, p. 320-406;
McDermott, 2004). In other words, at present, severe rocky desertification in Panxian County has not changed the
dominance of C3 vegetation. This observation is essentially different to previous opinion, which argued that the evo-
lution of rocky desertification in southwest China will change C3/C4 vegetation and finally result in changes to speleo-
them &"C (Zhang et al., 2006).

Variation of 8"°C_ in Soils

For soil profiles JF-1 and JF-2 above Yangkou Cave, the 3"°C,, values were steady, with variation of about 0.5 %o
below a depth of about 40 cm. Additionally, from the top to the bottom of the soil profiles, the 8"°C,, values tended to
increase (Fig. 4A), which was consistent with the trend in 3"°C,, values above Furong Cave (Li et al., 2012) arising from
the fractionation of stable carbon isotopes, due to plant decomposition (Trumbore, 2000). The lowest §"°C,, values
at the top of the soil profiles, as low as —28.9 %0 *+ 1.8 %o (Table 3), were attributed to the relatively large amount of
undecomposed plants at the top of the soil profile. However, profile JF-3 showed a reverse of this trend from a depth
of 45 cm, with a higher 8°C, value by about 1.5 %o at the depth of 65 cm (Fig. 4A). This abnormal phenomenon was
attributed to the uneven distribution of plant roots and residues, or some disturbance of the soil layers.

Above Naduo Cave, the 3"°C, values increased with growing depth for the top 22 cm section of the soil profile, but
became relatively lower at depths of 22 cm to 41 cm (Fig. 4B). At deeper than 41 cm, the 8"°C, values were around
—21 %o, except for an excursion of ~1 %o at a depth of 63 cm (Fig. 4B). This distribution of 8°C, values along the soil
profile was similar to the characteristics of soil profile JF-3 above Yangkou Cave (Fig. 4A), as explained above.

From the top to bottom, the 8"°C, of profiles LZ1 and LZ3 remained steady around their average values, with a
variation amplitude of about 1 %o (Fig. 4C). The 3"C__,, of profile LZ2 decreased by 3.8 %o from the top to a depth of
20.5 cm, and reversed to increase by 1%. at the bottom. Maize (Zea mays), which is a C4 plant (3"°C = —12.3 %o) and a
typical crop in southwest China, can grow even in karst regions with severe, rocky desertification because of its drought
tolerance. Accordingly, one additional soil sample was collected from maize land in Liuzhi Special District, and the
3"Cy,, test result was —20.9 %o. Therefore, the development of human agricultural activities and the planting of maize
in karst regions had no significant effect on the enrichment of the value of 3™°C, .

Generally, the 3™°C,, values of PX1 increased from the top to the bottom of the soil profile. Both the PX2 and PX3
profiles showed an increase in 8"°C,, values from the top to a depth of 18 cm and 16 cm, respectively, and then de-
creased by 1.9 %0 and 2.5 %o, respectively, to the bottom (Fig. 4D). This was similar to the 3"°C_,, changes in the soil
profiles above Naduo Cave (Fig. 4A) and for LZ2 in Liuzhi Special District (Fig. 4C), which was attributed to the rapid
water loss and soil erosion in the karst rocky desertification area (Jiang et al., 2014). This led to the relatively fast mi-
gration of surface SOM and relatively lower 8°C,, values into the deep soil layers.

Relatively Higher DIC-3"C in Yangkou Cave

Because of the large cave opening and over 10 m high/wide tunnel of Yangkou Cave, the monthly average air tem-
perature in the deepest chamber of this cave ranged from 1.4 to 17.2 °C during the period of February 2012 to June
2014 (Fig. 8). Seasonal temperature changes influence the cave ventilation, accounting for the disequilibrium fraction-
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ation of stable, carbon isotopes with the degassing of CO, (Spétl et al., 2005). The relatively higher DIC-8"C of drip
water in Yangkou Cave could be explained by incomplete isotopic equilibrium between soil CO, and percolating H,0O,
due to relatively short water-soil residence times (Baker et al., 1997), as indicated by the relatively fast discharge of drip
waters (except at site #4) (Fig. 7). Another possible reason is the relatively lower biological activity in the overlying soils
because of the higher elevation (2,150 m a.s.) and lower temperature, which result in a lower soil CO, concentration
(Fig. 5). For example, the maximum soil CO, concentrations above Yangkou Cave were about 3200 ppmV, 7000 ppmV,
and 2000 ppmV for JF-1, JF-2, and JF-3 soil profiles, respectively (Fig. 5). In contrast, the maximum soil CO, concen-
tration above Furong Cave was more than 13,000 ppmV in the months of July and August. The higher DIC-3"C values
and lower discharge rate of site #4 may be attributed to the fractionation of stable isotopes by prior calcite precipitation
(PCP) due to the long residence of groundwater (Fairchild et al., 2006).

Systematic Variation of 8'3C for Yangkou Cave

The average 3"°C,, value above Yangkou Cave was —24.6 %o = 0.5 %o, about 4.4 %o higher, compared to the av-
erage 3'°C value of the plants above Yangkou Cave, which was —28.9 %o = 1.8 %o (Table 3). Above Furong Cave, the
average 3"°C,, value was —21.5 %o, which was 11.6 %o higher than the 3"C value of local plants (—31.8 %o) (Li et al.,
2012). The relatively small difference in soil and plant 3'°C above Yangkou Cave was attributed to the higher altitude
(2,150 m a.s.l) (Table 1), lower temperature, greater precipitation and higher regional humidity, which result in relatively
lower decomposition of SOM and preserve the negative 3'3C information of local plants.

The average 3'°C value of the “modern deposits” in Yangkou Cave was —6.8 %o = 1.0 %o (Table 3), lower than the
average DIC-3"C value of drip water, which was 3.0 %0 * 2.7 %o (Table 3). It must be reiterated that the scraped mod-
ern deposits of Yangkou Cave in this study were temporal mixing deposits (months or years), not the deposits strictly
precipitated from the contemporaneous drip water, as described in section 3.5. Considering the DIC-3"3C of drip water
changes greatly (Fig. 9), if most of the collected “modern deposits” precipitated from the water had relatively lower DIC-
d"3C values, this could reasonably explain why the 3'*C values of the “modern deposits” were seemingly even lower
than those of DIC in drip water. Additionally, the average value of —6.8 %o for the modern deposits in Yangkou Cave
was within the range of —14 %o to —6 %o for speleothems with overlying C3 vegetation (McDermott, 2004). The relatively
higher carbon isotope signature should be attributed to multiple factors, such as the rapid filtering of percolating H,O
(Fig. 7), resulting in non-equilibrium of isotopes between soil water and soil CO, (Baker et al., 1997), and rapid degas-
sing of CO, for drip waters because of the strong ventilation (Fig. 8) (McDermott, 2004). Nevertheless, even considering
the overlying dominance of C3 plants, the 3'3C values of the modern deposits in Yangkou Cave were relatively high.

Systematic Variation of 8'*C for Naduo Cave

The DIC-3"C of drip waters for four drip sites in Naduo Cave ranged from 0.6 %o to —10.4 %o, with an average of —5.3
%0 = 2.2 %0, based on data published by Shen et al. (2016). This massive DIC-3"3C range in the Naduo Cave drip waters
was attributed to seasonal changes in soil CO,, which, presented by the CO, in cave air, ranged from 300 ppmV to 1700
ppmV. It was also ascribed to the difference in length and pathways of groundwater for each drip site (Shen et al., 2016).
The 3'3C of modern deposits in Naduo Cave changed in the range of —4.3 %o to —8.6 %0 and the average being —6.5
%0 = 1.4 %o (Table 3). So, for Naduo Cave, the 3"C is increased by 5.6 %0 and 15.3 %o, from local plants to SOM and

, from SOM to drip water DIC,

—v— #1 e # o #3 respectively. The average 5°C
v— #4 —m— #5 —A— #6 of modern deposits in Naduo
Cave were relatively lower
compared with the average of
DIC in drip waters, like those

in Yangkou Cave. Considering

the 8"C of bedrock above Na-
duo Cave was 1.5 %o, this phe-
nomenon was attributed to the
asynchrony of the modern de-
posits and drip water. In other
words, most “modern depos-
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Figure 9. The drip-water DIC-3"C values in Yangkou Cave for the six drip-water sites (1# to 6#).
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Changes of 83C in Karst Regions with Different RDD

There were some differences in the 8°C of plants in the five karst areas discussed in this study. The lowest average
plant 8"C (—31.8 %o) presented above Furong Cave, and the highest value (—26.2 %oc) was above Naduo Cave (Table 3).
For rocky desertification areas, the relatively high plant 3'*C is mainly because of the Gramineae plants Imperata cylin-
drica, Capillipedium assimile, Arthraxon hispidus and Arthraxon hispidus (Supplementary Tables 2, 3 and 4), which had
3"3C values as high as —11 %o to —13 %0. Excepting these Gramineae plants, the average plant 3'C values for the rocky
desertification areas were —26.3 %o, —29.4 %o, and —27.7 %o for Guanling County, Liuzhi Special District and Panxian
County, respectively. Considering the relatively small proportion (< 3 %) of biomass formed by the Gramineae plants,
their contribution to the average 3'C of local plants will be negligible.

In summary, based on the findings of this study, at present the dominant plants in the karst regions of Southwest
China belong to C3 vegetation, characterized by negative plant 8°C values of below —26 %o (Table 3). The regional
deviation of plant 8"°C values was attributed to the variation of species and local environment (O’Leary, 1988).

For these five karst regions (Fig. 1), the average 3"C,, value was around —19.9 %o to —21.5 %o, except for above
Yangkou Cave, where the average 3"°C,, value was —24.6 %o (Table 3). This relatively lower 3"°C, value was attribut-
ed to the higher altitude and lower temperature, which can depress the decomposition of organic matter. It is significant
that, in spite of the 8"C differences of local plants, or the situation of RDD, the 8°C, values were consistent across
the four regions.

The most significant changes were in the DIC-3"C of drip waters and the 3"C of modern deposits in caves (Ta-
ble 3). The DIC-3"C of drip waters is influenced by multiple factors, including the type of local vegetation (C3 or C4)
(Cerling, 1984; McDermott, 2004), biomass, root respiration and microbial activity (Luo et al., 2007), local precipitation
and humidity, residence time of soil water and its influence on dissolution of soil CO, (Baker et al., 1997), prior calcite
precipitation (PCP) in the epikarst zone (Fairchild et al., 2006), dissolution of bedrock (Genty et al., 2001; Fairchild et
al., 2006), and the openness of the karst system (Hendy, 1971; Salomons and Mook, 1986, p. 241-269). For all the sites
mentioned in this study, the average 8"C of bedrock ranged from —1.1 %o to 3.9 %o (Table 3). The average DIC-3"C of
drip waters ranged from —11.1 %o to —3.0 %0 and the average 3'°C of cave “modern deposits” ranged from —10.5 %o to
—6.5 %o (Table 3).

There appeared to be a positive correlation between the 3'*C of DIC “modern deposits” and the 3'°C of bedrock. The
DIC-3"C of drip water and the 8"C of “modern deposits” changed with amplitudes of 11 %o and 3 %o, respectively, in
Yangkou Cave, and 11 %o and 4 %o, respectively, in Naduo Cave (Fig. 9; Table 2; and Shen et al., 2016). Dissolution of
bedrock is a minor contributor to the relatively small proportion of carbon in DIC (Genty, et al., 2001), and most of the
carbon originates from organic sources. Furthermore, the dissolution of bedrock is also partly affected by the degree of
exposure of the karst system (Hendy, 1971; Salomons and Mook, 1986, p. 241-269; Fairchild et al., 2006). For Furong,
Yangkou and Naduo Caves, the different §'*C values of DIC and “modern deposits” were attributed to the different RDD
of these sites (Table 1), but not because of the differences in species of local plants, nor the 3'*C of local plants and
SOM (Table 3). The RDD above Yangkou Cave and Naduo Cave are classified as No Rocky Desertification and Light
Rocky Desertification, respectively (Table 1) (Xiong et al., 2002, Jiang et al., 2014). In general, the higher RDD means
more rock exposure, and less soil thickness and vegetation coverage (Xiong et al., 2002, Jiang et al., 2014), resulting
in less organic matter (with negative 3*C values of C3 vegetation) supplied to soils. More importantly, higher RDD can
lead to less bioactivity in soils, more soil erosion, and rapid infiltration of precipitation, so that an equilibrium between
soil water and soil CO, cannot be reached (Baker et al., 1997). The above-mentioned processes lead to the relatively
high 33C of drip water DIC and corresponding speleothems.

Implications for Paleoenvironment Reconstruction

Based on Cerling’s (1984) findings, speleothem 3C is also interpreted to reflect the evolution of local vegetation
(Coplen et al., 1994; Bar-Matthews et al., 1997; Dorale et al., 1998; Lee-Thorp et al., 2001; Genty et al., 2003; Holmgren
et al., 2003; Cosford et al., 2009; Zhao et al., 2016). Undoubtedly, evolution of vegetation (C3 and C4 or the proportion of
C3/C4) will change the biomass and the 3"*C of SOM and soil CO,. Evolution of local vegetation is dominated by chang-
es in temperature and precipitation (or humidity), which can directly connect the 8"*C of SOM and soil CO, with climate
change. Meanwhile, there are complex processes linking soil CO, to speleothems, including the dissolution of soil CO,
in vadose water (Baker et al., 1997; Bar-Matthews et al., 2000), dissolution of bedrock (Genty et al., 2001), migration of
water in the vadose zone (Dreybrodt and Schloz, 2011), prior calcite precipitation (PCP) (Fairchild et al., 2006), ventilation
in caves and degassing of CO, from drip water in relation to the CO, concentration of the cave atmosphere (Spétl, et
al., 2005; Li et al., 2012). These processes may change the 3'*C values significantly and even mask the signals of local
vegetation and climate. Despite this, some processes are essentially influenced by climate change. For example, higher
temperatures and/or decreased precipitation, resulting from climate change, will strengthen evaporation in fractures,
bringing about PCP and ultimately increased 8"C in drip water and corresponding speleothems. In this situation, the 5"*C
of speleothems can display a positive correlation with local temperature (Martin-Chivelet et al., 2011).
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Variations in stalagmite 8*C have been used to reconstruct the evolution of local vegetation and to assess the histo-
ry of rocky desertification in the karst regions of Southwest and Central China. Lower 3"*C values have been interpreted
to mean more extensive vegetation under wetter climate, and higher 3'3C values to indicate dry climate or the strength-
ening of rocky desertification (Cosford et al., 2009; Kuo et al., 2011). Mass works have demonstrated that the change
in stalagmite 3'3C should not be explained simply by changes in vegetation because multiple factors can influence the
change of stalagmite 3'*C (McDermott, 2004; Fairchild et al., 2006; Huang et al., 2016).

This investigation showed that for modern conditions, rocky desertification does not change the predominance of
C3 vegetation, and there is no significant correlation between the 8°C_, and RDD (Table 7). Consider that the annual
temperature decreased by ~3 °C in Central China during the Oldest and Younger Dryas and Last Glacial period (Zhu
et al., 2008; Caley et al., 2014), and the 3'*C of organic matter and pollen in peat from Southern China showed the
dominance of C3 vegetation, even during cold epochs such as the Younger Dryas and Heinrich event 1 (Zhou et al.,
2004; Zhong et al., 2010), the prominent enrichment trend of stalagmite 3'*C since the Last Glacial period in Central and
Southern China, cannot be attributed to the transition of vegetation types from C3 to C4. Rocky desertification cannot
necessarily change the dominance of C3 vegetation in Southern/Southwestern China, but it can change the biomass
and microbial processes in soils, which then influence the §"*C of speleothems (Luo et al., 2007).

Essentially, higher RDD may lead to more exposure of rock (Xiong et al., 2002; Jiang et al., 2014), less vegetation
density and biomass, decreased soil thickness (Fig. 1), faster water infiltration and more soil erosion (Jiang et al.,
2014). These processes reduce isotopic equilibrium between soil CO, and water (Baker et al., 1997; Bar-Matthews et
al., 2000), increase the relative proportion of atmospheric CO, in soils (Genty et al., 2001), strengthen PCP in frac-
tures (Fairchild et al., 2006), and finally result in isotopically higher 8°*C in DIC and speleothems. So, it is plausible that
variations of stalagmite 3'*C in the subtropical karst regions of China reflect the soil humidity balance associated with
regional hydrological circulation (Li, 2007; Liu et al., 2016), which may originate from climate change or the evolution of
rocky desertification.

It is difficult to distinguish between the contribution of human activities and natural processes to rocky desertifica-
tion, especially in the past 2000 years with mixed effects of population growth, irrigation, the development of farming
and industrialization, and climate changes on decadal-centennial timescales (Jiang et al., 2014). For the period before
the 2 ka BP, when populations were small, the change in rocky desertification and the change of speleothem &C
should mainly be attributed to natural processes, such as the change of local hydrological circulation, caused by climate
changes. Based on this assumption, see the case study below.

Speleothem §"C and 380 records from Asian monsoon regions present similar patterns on orbital timescales (Jo et
al., 2014), and the strong co-variation of 3*C and 3'®0 records on centennial timescales have been attributed to the soil
humidity balance (Liu et al., 2016). This indicates a correlation between local vegetation, soil CO, and monsoon circu-
lation (Huang et al., 2016). Strong Asian summer monsoon (ASM) is associated with higher temperature in the northern
hemisphere (Cheng et al., 2016); the increased precipitation and higher temperatures in monsoon regimes benefits the
prevailing of C3 vegetation. This mechanism is a logical interpretation for the similar changes of speleothem 8C and
d"®0 records. Southwestern China is located on the main moisture transportation pathway and is mainly influenced by
the relatively simple Indian summer monsoon (ISM) (Ding and Sun, 2002; Ding and Chan, 2005). The lower speleo-
them 8'®0 in Southwestern China mainly indicates strengthened summer monsoon and more local precipitation (Li et
al., 2007).

Based on the climate background mentioned above, a simplified concept model to assess the relationship between
speleothem 80, 8"C, local vegetation, and precipitation for Southwest China is proposed (Fig. 10). In this model, sce-
nario I, strong summer monsoon generates high precipitation and, combined with warmer temperatures, is conducive
to the prevalence of C3 vegetation, higher vegetation density and higher soil CO, concentration. Increased precipitation
raises the soil humidity, provides conditions for isotopic equilibrium of carbon between soil CO, and water, and, finally,
results in lower speleothem 8'®0 and 'C values. In scenario Il, strong summer monsoon leads to heavy precipitation,
rapid infiltration of soil water and non-isotopic-equilibrium between soil CO, and water (Baker et al., 1997; McDermott,
2004), or enhanced weathering of host rock because of the large water flux, and, finally, results in higher speleothem
d"C and lower 380 values (Bar-Matthews et al., 2000). In scenario lll, relatively weak summer monsoon generates
lower precipitation, resulting in lower humidity, less vegetation density (still dominated by C3 plants in Southwest Chi-
na), lower soil CO, concentration and longer residence of water in soil and fractures. In addition, because of the decline
of surface water supply, it is possible that the fractures and cracks in the epikarst zone contain less water or are even
empty, leading to degassing of CO,and PCP, which results in higher speleothem 8C values (Fairchild et al., 2006). In
scenario 1V, lower temperature and precipitation depresses the growth of vegetation and soil microbial activity, thereby
weakening the process of pedogenesis. The main topography in Southwest China is mountainous terrain, with limited
or, even, no C-horizon (weathering crust) in karst soil profiles (Jiang et al., 2014). This ultimately leads to the reduction
of adhesion and affinity between the soil and bedrock. Consequently, the soil is easily eroded by heavy rainstorms and

Journal of Cave and Karst Studies, December 2018 « 223



Li, Huang, Tian, Suarez, and Gao

Warm ™ Plentiful precipitation and higher humidity =

Higher vegetation intensity (C3 dominate)
Speleothems

== Strong | = Higher respiration and microbial activities = Lower §13C
More soil CO, Lower 3150
Higher L Equilibrium between soil CO,and water
precipitation

= Too much precipitation/flood

Rapid infiltration of soil water Speleothems

o Less soil water residence Pl
Lower 3150

ASM s = Reduced action between soil CO, and soil
water =
- Mild  Strengthen evaporation and lower humidity
Less vegetation intensity (C3 dominate)
L . . — Speleothems
Less respiration and microbial activities
=11 = Higher 813C
Lower soil CO, concentration Higher 820
w Weak
e Longer soil/fracture water residence
= Prior calcite precipitation (PCP)
r Weakened pedogenesis Rapid infiltration of soil water
. T Rocky & 2
J soil erosion Less soil water residence
Lower qwv desertification
= precipitation L Thin soil thickness Reduced action between soil CO,

and soil water

= Less evaporation because of lower temperature speleothems
Ly J Net sha‘m decline of preclplt?tloralkeer.: humidity | jower §13C
Not basically change vegetation intensity and Higher 6130
. microbial activities
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Figure 11. Comparison of multi-proxy records
of stalagmite HS-4 from Heshang Cave (re-
drawn from Liu et al., 2013). (A) 8"3C, (B) 30O,
(C) thickness of annual lamina, (D) Mg/Ca.
The enriched 3°C and 380 values, decreased
thickness and increased Mg/Ca during the
8.2 ka event (the light-yellow bar) denoted the
weakening of ASM and the possibility of PCP in
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condensation of water vapor and precipitation, especially in mountainous Southwest China (Jiang et al., 2014). With
this temperature and hydrology combination, Southwest China would still maintain the characteristics of a subtropical,
humid monsoon climate, higher speleothem 880 and lower 3"*C values (Fig. 10).

It is worth pointing out that the simplified concept model comprises the abovementioned five scenarios and does not
involve the complex cave factors that can cause isotopic fractionation of carbon, such as drip rate (Hansen et al., 2013),
cave ventilation (Spétl et al., 2005) and degassing of CO, (Fairchild et al., 2006; Mickler et al., 2006; Scholz et al., 2009;
Huang et al., 2016). So, speleothems from a cave with stable temperature, high humidity, poor ventilation, and that
are deposited at isotopic equilibrium fractionation (Hendy, 1971), are preferential for the reconstruction of paleoclimate
and paleoenvironment. In addition, the replication of speleothem records from a cave is commendatory for judging the
paleoclimatic suitability of speleothems (Dorale and Liu, 2009).

Case Study for Stalagmite §'*C, 5'®0, Mg/Ca and Paleoclimate

The climate- and environment-dominated organic signals carried by DIC-3'3C may be masked by some inorganic
and physical factors mentioned above. In such cases, the analysis of multi-proxies is recommended to assess the in-
fluences of these factors; e.g., higher Mg/Ca ratio and lower Ca?* concentration in drip water have been used to reflect
the PCP effect (Fairchild et al., 2006; Luo et al., 2013), and 8 Sr/®Sr has been used to reflect the dissolution of host rock
(Oster et al., 2010). Multi-proxy records from the same cave will undoubtedly raise the reliability of paleoclimate and
paleoenvironment reconstruction. Here, a case study to demonstrate this argument is presented.

Heshang Cave is in central China (30°27' N, 110°25' E, 294 m a.s.l, ~290 km northeast of Furong Cave) (Fig. 1B),
and has been monitored for more than 10 years (Hu et al., 2008a; Henderson et al., 2008). The 80O of rainwater above
Heshang Cave is not altered by evaporation when it filters into the cave and stalagmite 8'®0O has been used as the in-
dicator for changes in rainfall (Hu et al., 2008b). As shown in Figure 11, both the sub-annually resolved 80O, 3'*C and
Mg/Ca values of stalagmite HS-4 from Heshang Cave increased significantly during the 8.2 ka event, a global cold-cli-
matic event, which occurred at ~8.2 ka BP (Liu et al., 2013). In other words, the decrease in rainfall indicated by the
increased 380 of stalagmite HS-4 was strongly supported by higher 8'°C and high ratios of Mg/Ca (Liu et al., 2013). This
is because in Heshang Cave, lower rainfall means lower karst flow rates and more opportunity for PCP, which leads to
higher stalagmite 3'*C and Mg/Ca (Johnson et al., 2006; Hu et al., 2008a; Henderson et al., 2008; Liu et al., 2013), as
described in scenario Il (Fig. 10). In contrast, lower stalagmite 8'®0 means more rainfall, faster karst flow rates and no/
less PCP, which can result in lower §'*C and Mg/Ca ratio, as described in scenario | (Fig. 10).

It is known that stalagmite 3'*C shows significant variability and uncertainty, even in stalagmites from the same
cave. There are different correlations between the 5'*C and §'®0 values for a given stalagmite on different time scales,
e.g., orbital-, millennial- and centennial-scale (Liu et al., 2016). Complex factors may influence stalagmite 3'*C, such
as vegetation types and density, biomass, soil pCO,, and karst flow rate, which are all closely associated with climate
change-dominated temperature and precipitation (McDermott, 2004). Cave monitoring and multi-proxy analysis for
stalagmites, including 3'°C, §'®0, Mg/Ca, ®Sr/®Sr, is particularly important for the reliable interpretation of 8C (Li et
al.,, 2014b). In addition, lacustrine and peat records are a valuable source of information for subtropical Central and
Southern China, because pollen records from neighboring regions can provide direct evidence for variation in regional
vegetation and climate, and may provide supporting evidence for changes in local vegetation.

Conclusions

Although speleothem 33C has been used to trace the evolution of regional vegetation and rocky desertification his-
tory, there has not been a systematic investigation on the present vegetation types and isotopic composition of plants
in Southern and Central China areas with humid subtropical monsoon climate. In this study, 130 plant samples were
collected from five sites with different RDD in Southwest China, revealing most plants to be C3 plants. There was no
correlation between the 8°C,,, and RDD; in contrast, the DIC-3"C of drip water and 3™C of “modern deposits” in caves
changed with large amplitude due to hydrological conditions in the epikarst zone and geological and physical character-
istics of individual caves/drip sites. This study revealed that, at present, rocky desertification in Southwest China does
not cause the transition of C3 to C4 vegetation. Additionally, based on pollen records in Southern and Central China, it
was inferred that this transition did not occur during the Last Glacial period.

A concept model comprising five scenarios was proposed, indicating that the evolution of ASM and rocky deserti-
fication can be recorded in speleothem &'°*C, mainly by the change of epikarst hydrological conditions rather than the
change of vegetation types. Cave monitoring and multi-proxy analysis are recommended to identify the influence of
non-climatic factors, which are believed to be instrumental in providing a reliable explanation of speleothem 3*C and
reconstruction of paleoenvironment.
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