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ARTICLE INFO ABSTRACT

The transmission of stable isotopes and elements/ions from the outside to the inside of a cave and their in-
corporation into drip water can involve numerous biogeochemical processes. To understand how the original
signals of stable isotopes and elements/ions are modified by these processes, integrated studies of the interac-
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Keywords:

Stable isotopes tions between vegetation, soil, epikarst, and caves are required. We conducted a multi-year monitoring study of
Elements/ions the vegetation biomass, tree breast-height diameter, Pco, in soil air and cave air, 8'C in soil air, stable oxygen
Drip water isotope in rainwater and drip water, and stable carbon isotope and elements/ions concentrations in drip water in

Shawan Cave system, southwest China. The main results were as follows: (1) The evaporation effect weakened
and the transpiration effect strengthened outsides the cave as vegetation improved, thus leading to a year-by-
year increasing trend in the 8'®0 value of drip water. This indicates that changes in vegetation may have been
another potential factor influencing the interannual variation of the §'80 value of drip water. (2) The CO,
concentration and §'3C value in soil air increased and decreased, respectively, with vegetation restoration,
which caused the interannual variation in the dissolved inorganic carbon isotope (8"3Cpyc) value of drip water
during the autumn and winter to exhibit a year-by-year decreasing trend. (3) The variations in the elements/ions
concentrations of drip water were affected by vegetation uptake, vegetation transpiration, and water—rock in-
teractions. It is inferred that the interannual variation in the elements/ions concentrations of drip water re-
sponded to vegetation restoration. (4) A conceptual model demonstrated that the three response modes of drip
water 8'80 value, §'*Cpyc value, and elements/ions to variations in vegetation. Overall, this study highlights the
responses of the interannual changes in 8'3Cpyc, 8'%0, and elements/ions of drip water to vegetation restoration,
which contributes critical insights into the paleoenvironmental interpretation of proxies of speleothems.

Vegetation restoration

1. Introduction

The stable isotopes (8'%0 and 8'3C) and trace elements of spe-
leothems have been widely used as proxies for the paleoenvironmental
signal (Baskaran and Krishnamurthy, 2013; Cosford et al., 2008;
Fairchild and Treble, 2009). Speleothem §'®0 may chiefly reflect the
changes in moisture sources, transport pathways, intensity of Asian
summer monsoon, rainout effect, and convection intensity (Duan et al.,
2016; Zhang and Li, 2019; Liu et al., 2020). Whereas carbon isotopes
are usually employed to reconstruct changes in vegetation (Cosford
et al., 2009). Trace elements can complement stable isotopes data, and
can also be used to reconstruct environmental changes (Casteel and

Banner, 2015; Fairchild and Treble, 2009; Zhang and Li, 2019). In
particular, the 8'0 value of speleothems is closely linked to hydro-
logical processes (Sun et al., 2018; Zhang and Li, 2019). The hydro-
geochemical processes of drip water can impact the 8'3C value and
trace element composition of speleothems to a certain extent (Fairchild
et al., 2006; Frisia et al., 2011; Liu et al., 2017), and numerous studies
have indicated that the appeal of speleothems 8'3C and trace elements
exists in their sensitivity to biogeochemical processes (Li and Li, 2018;
Treble et al., 2016).

The effects of biogeochemical processes on the §'3C value and trace
element composition of speleothems have been confirmed by numerous
studies (Benedetti et al., 2003; Drever and Smith, 1978; Dogramaci and
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Fig. 1. (a) Geographical location of Shawan Cave. (b) Sectional view map of Shawan Cave. Distribution of drip water including 1#, 2#, 3#, 4#, and 5# (solid black

circle).

Herczeg, 2002). The change in the §'3C value of speleothems may re-
flect changes in regional vegetation. There are two main reasons for
this: on the one hand, the §'°C value of soil air is controlled by the
vegetation biomass, and the §'3C signal in speleothems can be inherited
from the 8'3C of soil air (Baker et al., 1997; Cerling, 1984; Mattey et al.,
2016); hence, the 8'3C value of speleothems can retain information
relating to local vegetation. On the other hand, the different photo-
synthetic pathways of different vegetation types cause vegetation to
have different 8'3C values, which leads to different 8'*C values in
speleothems (McDermott, 2004). This can mean that different 8'3C
values in speleothems represent different types of vegetation. The trace
elements in speleothem are influenced by the trace element composi-
tion of the soil zone (Fairchild and Frisia, 2013; Hartland et al., 2012;
Rutlidge et al., 2014). Further, changes in trace elements from the soil
zone are linked to fluorescent organic matter (Baker et al., 2008) and a
historic episode of deforestation (Borsato et al., 2007). This leads to the
release and uptake of elements as nutrients by vegetation, and de-
termines the effect of the vegetation dynamics on speleothem chemistry
(Borsato et al., 2015; Treble et al., 2016). Thus, these processes that are
related to vegetation result in variations in the trace element signals of
speleothems. Additionally, the 8'80 values of speleothems at Brown’s
Folly Mine were found to be neither controlled by the surface tem-
perature nor the seasonal rainfall distribution, which was affected by
the vegetation density (Baldini et al., 2005). This suggests that bio-
geochemical processes could also lead to variations in the §'%0 value of
speleothems.

Although many studies that used drip water as a research object
have indicated that the stable isotopes and trace elements of spe-
leothems respond to vegetation change, these studies usually used a
spatial approach instead of a temporal approach (Luo et al., 2013; Suric¢
et al., 2018; Wassenburg et al., 2020). The limitation of a spatial ap-
proach is that the paleoenvironmental implications of these studies are
deduced. Hence, it might not be possible to directly demonstrate the
responses of the stable isotopes and trace elements of speleothems to
variations in vegetation on a temporal scale via this approach. More-
over, most studies only analyzed a single proxy in drip water (Duan
et al., 2016; Li and Li, 2018; Treble et al., 2016), and comprehensive
studies combining §'3C, §'%0, and element/ion data have been rarely
reported.

Since the late 1990s, the Natural Forest Protection Project, the Grain
to Green Program, and the Karst Rocky Desertification Comprehensive
Control project have been implemented in China (Liu et al., 2014; Qi
et al., 2013; Tong et al., 2017). These projects have led to increasing

aboveground biomass in the karst regions of southwest China. Fur-
thermore, the biomass may cause increasing trends in the potential
carbon mass and trace element concentrations in the soil and subsur-
face, which might ultimately cause a change in the hydrological con-
ditions of caves (Bourges et al., 2020). These karst regions, therefore,
offer an opportunity to directly study the responses of stable isotopes
and elements/ions of drip water to vegetation change. In order to un-
derstand the impact of biogeochemical processes on drip water hy-
drogeochemistry, comprehensive research on the migration mechanism
of stable isotopes and elements/ions in the cave systems of natural re-
storation karst regions needs to be carried out based on multi-year cave
monitoring.

In this study, multi-year monitoring was undertaken at Shawan
Cave, Puding County, Guizhou Province, southwest China. The mon-
itoring included measurements of the vegetation biomass, tree breast-
height diameter, P, of soil air and cave air, 8'3C values in soil air and
drip water, 8'®0 and 82H in rainwater and drip water, and elements/
ions concentrations in drip water. The fitted sine function relationship
between 880 values of drip water and §'80 values of rainfall was used
to estimate the mean residence times of drip water. Principal compo-
nents analysis (PCA) was used to determine the main processes influ-
encing the change in the elements/ions concentrations of drip water.
The objectives of this study are to (1) investigate the interannual var-
iations in the dissolved inorganic carbon isotope (8*3Cpic) value and
elements/ions concentrations of drip water, and the seasonal and in-
terannual variations in the §'®0 value of drip water; (2) identify the
influence of vegetation restoration on the interannual variations in
stable isotopes values and elements/ions concentrations of drip water;
(3) determine whether the stable isotopes values and elements/ions
concentrations of drip waters also reflect variations in vegetation.

2. Site description
2.1. Background

This study was conducted at the Puding Karst Ecosystem Research
Station Chinese Academy of Sciences (hereafter referred to as Puding
Station), in Puding County, Guizhou Province, southwest China
(Fig. 1a). Shawan Cave (26.36°N, 105.76°E; 1170 m above sea level) is
developed in the pure and thick limestone of the Middle Triassic (T»g)
Guangling Formation. The whole depth of the soil profile overlying the
cave is about 50 cm. This region is characterized by a typical sub-
tropical monsoonal climate. The mean annual temperature (MAT) in
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Puding between 1961 and 2008 was 15.1 °C, and the mean annual
precipitation (MAP) was 1315 mm, of which ~80% occurred during the
rainy season from April to October (Hu et al., 2018).

2.2. Shawan cave

The length of the accessible passage in Shawan Cave is about 30 m,
with a width of 3 m and a height of 5 m. The thickness of overlying host
rock is about 6-8 m. Five drip sites are located in the main chamber:
site 1# is situated below the entrance. Site 2# is located in the middle
of the chamber, the distance between the monitoring sites and entrance
is 10 m. And sites 3#, 4#, and 5# are at the end of the chamber, the
distance between the monitoring sites and entrance is 25 m (Fig. 1b).
Each of the five drip sites is associated with a corresponding stalactite
tip that feeds a stalagmite. Hydrological data reported elsewhere for the
five sites suggests that calcite precipitation occurred more during the
spring and summer and less during the autumn and winter (Lyu et al.,
2020).

2.3. Vegetation

The vegetation of Puding Station recovered naturally from culti-
vated land (corn and canola) after 2010, and is now considered to be a
tree-shrub-grassland ecosystem, where trees, shrubs, grass, and bare
land account for approximately 22%, 44%, 8%, and 21% of the total
land area, respectively. The canopy height is uneven, whereby the
heights of single trees, shrubs, and grass ranges from 4 m to 10 m, 1 m
to 2 m, and O m to 1 m, respectively (Wang et al., 2020b).

3. Materials and methods
3.1. Data on meteorology and cave microenvironment

During 2017-2019, the daily air temperature and daily rainfall
outside Shawan Cave were continuously recorded every 1 h, at an au-
tomatic meteorological station at Puding Station. A HOBO Pro V2 data
logger (ONSET Company Inc., USA) was used to measure the cave air
temperature and humidity. It was installed at a height of 1 m above the
floor in the cave chamber. The data were recorded between 2017 and
2019 every 30 min. The drip rates from the five drip sites were mea-
sured using automatic drip loggers (Stalagmate MK3). These drip log-
gers recorded the amount of drip water every 30 min during
2017-2019. We calculated the drip rate (L/S) by measuring the volume
of about 0.1 ml/drip.

3.2. Vegetation biomass and breast-height diameter

The vegetation biomass was calculated using Eq. (1) (Liu et al,,
2009):

W = a(D*H)" (€9)

where W is biomass, D is breast-height diameter, H is height, and a and
b are constants. The breast-height diameter and height for all trees and
shrubs were measured in 2012 and 2017 in the Shawan plot. The
breast-height diameter of a hundred trees in the Shawan plot has been
measured using growth rings since April 2018. These trees can be di-
vided into 19 species.

3.3. Soil air and cave air data

We chose a soil profile above Shawan Cave and divided it into five
separate soil layers for soil-air sampling: S1 (0-10 cm), S2 (10-20 cm),
S3 (20-30 cm), S4 (30-40 cm), and S5 (40-50 cm). The soil-air samples
were collected every month from April 2018 to December 2019, which
was injected into the airbag using a 250 ml syringe. And the sampling
time each time is between 8:30 pm and 11:30 pm. 3 soil-air samples
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were collected in each layer as a total of 15 soil-air samples each month.
These samples that were purified and sealed in the glass tube were
subsequently measured for 8'3C using a MAT-252 mass spectrometer.
The measured values are reported relative to the V-PDB standard with
an uncertainty less than + 0.03%o. A HOBO Pro V2 data logger (ONSET
Company Inc., USA) was used to measure the water content of the soil
profile. The Pco, of the soil air and cave air were continuously, auto-
matically measured using a CCIA-DLT-EP CO, carbon isotope analyzer
(Los Gatos Research, USA). The measuring range of CO, concentration
is from 380 to 25000 ppm, and the measuring frequency is 1 Hz. The
measurement site for the soil air was at a depth of 50 cm in the soil
profile, and the measurement site for the cave air was located in the
cave chamber. The carbon isotope analyzer has 8 air inlets. It measures
cycle twice every half hour (We only used the data of the measurement
site for the cave and soil in this study). Each air inlet was measured
120 s in the first cycle and each air inlet was measured 105 s in the
second cycle. The value each air inlet was obtained each half-hour,
through getting a mean value of observation value each cycle.

3.4. Rainwater and drip water data

Rainfall samples were obtained in the rainy seasons during
2017-2019 (April 21, 2017-October 11, 2017, March 29,
2018-September 28, 2018, and April 4, 2019-November 4, 2019),
which were collected by standard gauges for the isotopic measure-
ments. The samples were removed from the collectors and passed
through 0.45 um Millipore filters into brown glass bottles soon after
each rainfall event to prevent evaporation. In-situ collection of the drip
water samples were also made at the five drip sites every 1-2 weeks
from January 2017 to January 2018, and every month from February
2018 to December 2019. The drip water remained in a container for
0.5-2 h in the rainy season and 16-18 h in the dry season since July
2018. Drip water and were filtered through 0.45 pm Millipore filters
and then refrigerated (approximately 4 °C) in brown glass bottles
awaiting analysis.

Oxygen and hydrogen isotopes of rainwater and drip water samples
were measured by a DLT-100 liquid water isotope analyzer (IWA-35EP;
Los Gatos Research, USA). The 1o precision was 0.1%o for 880 and
0.5%o for 8*H. The isotope data are reported relative to the Vienna-
Standard Mean Ocean Water (VSMOW). Rainwater oxygen isotope va-
lues of the dry season during 2017-2018 (January 3, 2017-April 6,
2017, October 12, 2017-March 28, 2018, and October 13,
2018-December 25, 2018) were acquired from a study of the Shawan
Test Site (Hu et al., 2020). The §'*Cp;c value of drip water samples was
analyzed using a MAT-252 mass spectrometer.

Cations were measure using inductively-coupled plasma atomic-
emission spectroscopy (ICP-OES) after acidification of the samples with
1% HNO;. Anions were measured using ion chromatography (ICS90).
The cation and anion experimental detection resolution was
0.01 mg L™ 1. The HCO3 ™~ concentration was titrated immediately in the
cave using an alkalinity test (Merck KGaA Company, Germany) with an
accuracy of 0.1 mmol L™

3.5. Drip water residence time estimation

Mean residence times of drip water in Shawan Cave could be esti-
mated by the seasonal variations of the 8'0 values in drip water and
rainfall. The seasonal variations of the 8'0 values follow a generalized
equation of the sine function relationship (Reddy et al., 2006):

27X
S0 = 5180) + Asi (—) +
mean (| ) sin | b c] o)
where mean(8'80) is the annual mean 8'®0 in %o, A is the seasonal
amplitude of 8'80, b is the period of the seasonal cycle, x is time in
days, and c is the phase lag in radians.
These parameters could be calculated by a curve-fitting algorithm.
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And the residence time of drip water is obtained by Egs. (3), (4), (5),
and (6) below (Hu et al., 2020):

2t +c= z + 2n7

b 2 3)
t = to(dripwater) — to(rainfall) (@)

T
—2r<c<—n=0
T<c 5 n )

/s
E<c<271n_1,2,3 ©)

where c is the phase lag of radians in the fitted sine curve and t the
mean residence time of drip water.

3.6. Principal components analysis (PCA) on drip water

A PCA of the main anion and cation concentrations of the sampled
drip water was performed using SPSS 17.0 software (SPSS Inc., Chicago,
IL, USA). This provided a multi-dimensional correlation analysis,
whereby the main modes of variability of the normalized data are
identified and expressed as the first, second, ... nth principal compo-
nents (PC1, PC2, ... PCn) of variation. The loadings of individual
parameters on each PC are then used for qualitative comparison (Treble
et al., 2016).

4. Results
4.1. Data on meteorology and cave microenvironment

The daily mean air temperature ranged between —0.3 °C and
28.9 °C (mean value of 16.7 °C) during the monitoring period. The daily
rainfall ranged from 0 mm to 102.8 mm. The daily temperature and
rainfall were higher between April and October, and lower between
November and March of the following year. The annual mean air
temperature in 2017, 2018, and 2019 was 17.4 °C, 16.4 °C, and 16.3 °C,
respectively, while the annual rainfall in 2017, 2018, and 2019 were
1166 mm, 1408 mm, and 1064 mm, respectively (Fig. 2d). The annual
mean value of cave air temperature in 2017, 2018, and 2019 was
17.7 °C, 17.5 °C, and 17.2 °C, respectively (Fig. 2d). The cave relative
humidity was always 100% during the study period.

4.2. Vegetation variation

The yearly difference of biomass in the Shawan plot was
184.9 g m~ 2 based on vegetation survey in 2012 and 2017. The mean
value of the monthly increase in the breast-height diameter was
0.068 cm for the period from April 2018 to April 2019, and 0.072 cm
for the period from April 2019 to April 2020. Hence, the monthly mean
breast-height diameter exhibited an increasing trend between April
2018 and April 2020 (Fig. 3), which indicates that the vegetation in the
Shawan plot gradually recovered over this period.

4.3. Pco,, and 8*3C values, and soil water content

The Pco, of soil air overlying Shawan Cave presented a significant
seasonal variation. From April to October in each year, the Pco, of soil
air was relatively higher, whereas it was lower from November to
March of the following years. There was a significant interannual
change in soil air Pc,. The mean Pco, of soil air in 2017, 2018, and
2019 was 2780 ppm, 3164 ppm, and 3197 ppm, respectively (Fig. 4c).

There were seasonal and interannual variations in 8§'3C values of
soil air in the soil profiles. The 8'3C values of soil profiles were more
negative during the spring and summer in comparison to those during
the autumn and winter. The mean 8'3C value of the soil air in the period
from April to December 2018 and from April to December 2019 were
—20.65%0 and —20.80%o, respectively. The mean value of soil water
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content was 36% in the soil profiles from November 2018 to December
2019 (Fig. 5).

The Pco, value of cave air was lower from April to October each year
than that from November to March of the following years. The annual
mean Pcp, value of cave air in 2017, 2018, and 2019 was 5468 ppm,
6091 ppm, and 7083 ppm, respectively (Fig. 4b). The 8§'3Cpyc value of
drip water from the five drip sites displayed significant interannual
variations. The annual mean §'°Cp,c value of drip water in 2017, 2018,
and 2019 was —13.48%o, —13.60%o0, and —13.31%o, respectively. The
mean 8'3Cp;c value of drip water during the autumn and winter in
2017, 2018, and 2019 were —15.20%o0, —15.35%0, and —15.57%o,
respectively (Fig. 4a); thus, these values decreased year-by-year.

4.4. 50 and 5°H values

The oxygen isotope ratio in rainwater samples ranged from
—16.4%o to —1.3%o. The 8'80 value of rainwater exhibited an obvious
seasonal variation, whereby the values from April to October were more
negative than those from November to March of the following year. The
annual amount-weighted mean value of rainwater §!%0 in the rainfall
in the year 2017, 2018, and 2019 was —8.3%o, — 8.4%o, and — 7.8%o,
respectively. Based on the §'%0 and 8§2H values of the rainwater samples
taken from outside Shawan Cave (Fig. 2b), the equation of the local
meteoric water line (LMWL) was determined as
8%H = 8.628'%0 + 16.87, with a correlation coefficient (R?) of 0.94
(Fig. 6), which was similar to that obtained at the Shawan Test Site.

The 8'%0 value of the drip water samples from the five drip sites
varied from —10.7%o to —7.2%o. There was a significant seasonal
variation whereby the §'80 values from April to October were more
positive than those from November to March of the following year
(Fig. 2a). The annual mean 880 value of drip water in 2017, 2018, and
2019 was —9.3%o, —8.9%o, and — 8.6%o, respectively.

4.5. Drip water residence times

The sine functions form of §'®0 value of the rainfall and five drip

sites  during the three years were determined as
8%0, = —6.20 + 3.84sin((2mx/359) + 6.10) (R* = 0.58) and
8804 = —9.03 + 0.76sin((2mx/428) + 4.12) (R* = 0.30), respec-

tively (Fig. 7). According to the relationship between rainfall §'%0 and
drip waters §'%0, the mean residence time of drip water was calculated
with Egs. (3), (4), (5), and (6). The mean residence time was 154 days
(0.42 years).

4.6. Discharge variability of drip waters

The drip rates at all the sites were higher in the rainy season and
lower in the dry season. The annual mean drip rate of five drip sites in
2017, 2018, and 2019 was 1.93*107> L/S, 2.63*10°°> L/S, and
2.32%10 % L/S, respectively (Fig. 2¢). The hydrological behavior of the
drip sites was determined using the maximum discharge and the coef-
ficient of variation (Baldini et al., 2006). The 1#, 2#, 3#, 4#, and 5#,
with high drip rate maximum and drip rate variability, were classified
as seasonal drips (Fig. 8). The 1# that suggests a threshold response to
rainfall amount may be as an overflow drip site (Arbel et al., 2010).

4.7. Main element/ion concentrations in drip water

The main elements/ions concentration ranges in drip waters were:
Ca’* = 33.74-156.01 mg L™', Mg?* 6.77-17.98 mg L™},

Na* = 0.39-2.86 mg L™', K* = 0.003-837 mg L7
Sr’* = 0.001-0.24 mg L~! Cl- = 0.02-13.82 mg L7},
S0~ = 8.87-28.73 mg L', and HCO;~ = 2.0-5.8 mmol L'

(Fig. 9). There were interannual variabilities in Ca®*, Mg®*, Na*, K*,
S04%7, and Cl~ concentrations at all of the drip sites. The annual
(2017, 2018, and 2019) mean concentrations of all of these elements/
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Fig. 2. (a) Drip water §'80 value for the five drip
B -7 _ sites, (b) 8'80 value of rainfall, the yellow dots
&£ are data from the study of Shawan Test Site (c)
B 8 ©  drip rate for the five drip sites, and (d) daily
0 g mean air temperature, daily mean cave air tem-
i : § perature, and daily rainfall. (For interpretation
| 6 & of the references to colour in this figure legend,
2 the reader is referred to the web version of this
ol " article.)
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Fig. 4. (a) Drip water 813Cpc value at the five drip sites, (b) daily mean cave air Pco,, and (c) daily mean soil air Pco,.

'18 T T T T T T T
L - 40

-19 '\\ ;\?
$ . 38 2
et 2
o 20 o
Q - =
[} 36 o
= n @
= L
2 . b=
2 21 F L] g
= 34 2
3 . £
G Q
s . /\ " 5
O 22 + u ] 1]
] ~ 432 =
A \ . o =

) ‘
23k 30
T T T T T T T
3/1/18 6/1/18 9/1/18  12/1/18  3/1/19 6/1/19 9/1/19  12/1/19
Date

Fig. 5. Temporal variations in mean 8'3C value and mean soil water content of
the five soil layers in soil profile.

ions presented year-by-year increasing trends, whereas SO4>~ shows
the opposite trends (Table 1). There were obvious seasonal variations in
the Sr** and HCO3;~ concentrations at all five drip sites, with higher
values during the winter and spring in comparison to the summer and
autumn (Fig. 9e and f), although the interannual variations were in-
significant. The Mg/Ca ratio and 1000 X Sr/Ca value ranged from 0.06
to 0.36 (mean of 0.18) and 0.0009-0.42 (mean of 0.21), respectively.
The five drip sites had no clear seasonal or interannual characteristics
(Fig. 9a and b). The lower Mg/Ca and 1000 X Sr/Ca values of drip
waters indicate that there was less prior calcite precipitation (PCP) in
the carbonate matrix and cave ceiling (Dhungana and Aharon, 2019;
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Fig. 6. Relationships between the stable isotope compositions at the five drip
sites and the LMWLs.

Mattey et al., 2010)

5. Discussion

5.1. Lag times of drip water isotopic signature and its response to vegetation
restoration

Generally, the lag time of drip water from the surface to a cave is
highly variable and ranges from several days to several years
(Riechelmann et al., 2017); hence, studies of various caves have
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determined in terms of maximum discharge versus coefficient of variation in
discharge.

observed different lag times. Moreover, the lag times of different drip
sites within the same cave can also vary (Luo et al., 2014; Moerman
et al., 2014; Pérez-Mejias et al., 2018; Treble et al., 2013). Some studies
have reported that the 8'80 value of drip water retains some of the
seasonality of the §'80 value of rainfall, which leads to a significant
seasonal variation in the 8'®0 value of drip water (Beynen and
Febbroriello, 2005; Cobb et al., 2007; Fuller et al., 2008). This results in
short lag times of several days or several months. Some studies have
proposed that an attenuated seasonal variation in the 8'80 value of drip
water was observed during their monitoring, which could have been
influenced by the mixing effect of old and fresh waters (Genty et al.,
2014; Luo and Wang, 2008; Riechelmann et al., 2011; Yonge et al.,
1985). Thus this results in long lag times of several years. In this study,
the 8'80 value of drip water at each site exhibited an obvious seasonal
variation, which was opposite to the seasonal variation in the §'0
value of rainfall. Here, we first rule out that there is an evaporation
effect in drip water inside the cave, based on almost constant cave air
temperature and always 100% of cave relative humidity during the
study period. The mean residence time of drip waters was 154 days
(0.42 years) through the calculation. On the basis of the change in the
water excess, which serves as an indicator of the amount of infiltration,
the water in the aquifer was in excess during the spring and summer
and was deficit during the autumn and winter because there was more
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rainfall during the spring and summer (Kelley et al., 2019). This may
have caused the inundation of heavy rainfall to the cave during the
spring and summer, which effectively flushed out the water that had
accumulated in the epikarst during the autumn and winter. This would
have led to higher §'80 values in the drip water during the spring and
summer seasons in comparison to the autumn and winter. This would
also explain the observed opposite correlations between the §'0 values
of drip water and rainfall during the study period.

The annual mean §'20 values of drip water displayed a year-by-year
increasing trend. Based on the fact that the lag time of drip water re-
lative to rainfall was 154 days. The annual mean §'80 value of drip
water was —9.08%o, —8.77%o, and —8.53%o0 for September 2016 to
August 2017, September 2017 to August 2018, and September 2018 to
June 2019, respectively; hence, there also was a gradually increasing
trend over these years. Most studies have found that the amount of
rainfall and the 8'80 value of rainfall are the main factors influencing
the 8'%0 value of drip water (Breitenbach et al., 2015; Cobb et al.,
2007; Duan et al., 2016). However, the annual rainfall amount and the
amount-weighted mean value of rainwater §'80 did not show a yearly
increase or decrease in our study. If the only variables influencing the
8'80 value of drip water are the amount-weighted mean value of
rainwater 8'%0 and the rainfall amount, there would not have been a
year-by-year increasing annual mean §'®0 values of drip water. This
implies that the §'®0 value of drip water may have been affected by
other factors, for example, the variation in vegetation. The amounts of
evaporation decreased and amounts of transpiration increased from
bare soil land to shrub land in Shawan Test (Hu et al., 2018). The ratios
of transpiration and evaporation could gradually increase and decrease,
respectively, as vegetation flourishes. The transpiration of groundwater
increase with groundwater table depth decreases (from a deeper level
to 1.5 m) (Wang et al., 2020a). This might have caused the §'%0 value
of groundwater to be higher. The vegetation in the Shawan plot gra-
dually recovered year-by-year, and it is likely that the annual mean
8'80 value of drip water decreased year-by-year as the amounts of
flourishing vegetation and transpiration increased.

Furthermore, most of the drip water samples were distributed
around the LMWL, which suggests that drip water preserved the iso-
topic signal of rainfall. However, some drip water samples did deviate
towards the right of the LMWL, which indicates that these drip water
may have experienced evaporative before entering the cave. The three
points that deviate the most towards the right of the LMWL were at site
1# on June 10, 2017, site 4# on June 20, 2017, and site 2# on July 10,
2017 (Fig. 10). Hence, there may have been more intense evaporation
of drip water during the early stages of this study. According to Fig. 10,
the slopes of the evaporation line for the five drip sites in 2017, 2018,
and 2019 were 6.29, 7.94, and 8.58, respectively. The year-by-year
increasing trend of slopes over these years suggests that the effect of
evaporation occurring outside the Shawan Cave on drip water may
have experienced a year-by-year decreasing trend over the same period.
That is, the drip water, one has not yet entered the cave, experience less
evaporation as vegetation restoration. Hence, it is possible that vege-
tation restoration may have also influenced the variation in the §'%0
value of drip water in Shawan Cave. In summary, variations in vege-
tation may have influenced the change in the §'0 value of drip water,
whereby vegetation improved, strong transpiration, and weak eva-
poration resulted in the annual mean 80 value of drip water being
more positive, and vice versa. The behavior was observed previously in
a study undertaken at the Shawan Test Site, whereby evaporation de-
creased and transpiration increased as vegetation flourished, which led
to a change in §'80 value of seepage water (Hu et al., 2018).

In addition, a year-by-year decreasing trend in annual mean air
temperature over the study period agreed with the year-by-year in-
creasing trend in the annual mean §'®0 values of drip water. Usually,
high temperatures could promote soil respiration (Curiel Yuste et al.,
2010). But a long-term high air temperature may cause a decrease in
the soil moisture content, which may limit soil respiration. (Atkin et al.,
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Table 1
Annual mean Ca®*, Mg?*, Na*, K*, sr?", 042, C1~, and HCO3— concentrations.
Elements/ions ca?* SD (o) Mg** SD (0) Na* SD (6) K* SD (o) Sr** SD (0) S04%~ SD (o) Cl™ SD (0) HCOs™ SD (0)
g
Concentrations (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mmol/L)
Annual mean, 2017  69.35 18.35 11.13 2.15 0.90 0.22 0.37 1.08 0.15 0.03 20.58 2.59 0.86 1.30 4.0 0.66
Annual mean, 2018  70.31 19.63 12.17 2.47 1.23 0.25 0.48 0.82 0.15 0.03 17.64 3.65 1.01 1.89 4.0 0.90
Annual mean, 2018  73.45 33.54 12.65 2.90 1.43 0.45 2.08 2.43 0.08 0.04 16.14 2.10 1.65 3.05 3.8 0.79
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2000). However, the mean air temperature in 2017 was significantly
higher than that in 2018 and 2019, and the mean air temperatures
between 2018 and 2019 were similar. It is possible that the soil
moisture content above Shawan Cave in 2017 was comparatively lower,
whereas the soil moisture content of 2018 and 2019 may be a moderate
condition. The moderate soil moisture content and air temperature in
2018 and 2019 could have promoted soil respiration, whereas low soil
moisture content and high air temperature in 2017 would have limited
soil respiration (Cao et al., 2020). Accordingly, soil respiration in 2017
may have been weaker than that in 2018 and 2019. Soil respiration is
closely related to variations in vegetation; hence, the change in the air
temperature influences the variation in vegetation, which might lead to
the variation in the §'®0 value of drip water. Therefore, changes in
vegetation may be another potential factor influencing the interannual
variation of the 8'®0 value of drip water.

5.2. Response of drip water 8"3Cp,c to vegetation restoration

In karst cave systems, carbon is transported by the interactions
between atmospheric CO,, vegetation carbon, soil air CO,, soil water
dissolved inorganic carbon (DIC), and drip water DIC (Li et al., 2012,
2018). Soil air CO, (Dreybrodt and Scholz, 2011; Meyer et al., 2014),
bedrock dissolution (Genty et al., 2001), PCP (Bergel et al., 2017; Wong
et al., 2011), and cave ventilation (Baldini et al., 2008; Lambert and
Aharon, 2011; Spétl et al., 2005) can all affect the 8'*Cpyc value of drip
water. However, the most important factor that determines the 8'Cp;c
value of drip water is the CO5 concentration in soil air (Li et al., 2012).
Most studies have indicated that the 8'°Cpic value of drip water is
primarily derived from soil air CO, and host rock dissolution (Frisia
et al., 2011; Lambert and Aharon, 2011; Meyer et al., 2014). A previous
study undertaken at Shawan Cave found that 3.80% of the DIC in drip
water was, on average, dead carbon (Lyu et al., 2020). This suggests
that a lower proportion of the §'3Cp;c value of drip water is derived
from host rock carbonate dissolution in Shawan Cave, and that the main
carbon source is soil-air CO5. As soil-air CO5 is primarily derived from
vegetation root respiration, microbial respiration, and the decomposi-
tion of organic matter (Mattey et al., 2016), the carbon sources of drip
water are almost all related to vegetation. Thus, the 8§'3Cpc value of
drip water may respond to vegetation change; however, how vegetation
restoration induces this change needs to be clarified.

It was found that the vegetation biomass and CO, concentration of
soil air overlying Shawan Cave increased year-by-year. Further, the
mean 8'3C value of the soil profile was lower in 2019 in comparison to
2018. Based on the study on the positive correlation of diffusion on soil
moisture (Wang et al., 2005), higher the soil water content overlying
Shawan Cave could help to accelerate the downward diffusion of CO,.
As vegetation flourishes, the vegetation improved and leads to in-
creased root respiration and increased microbial activity. CO, released
under the action of soil moisture diffuses to the soil zone. Thus, the
consequential higher production of soil-air CO,, causes the §'3C value of
soil air to be more negative. In general, soil air can enter caves through
fissures and soil water also can enter caves as drip water. As the carbon
of deeply rooted vegetation is more easily transported to drip water
through soil-air CO, (Breecker et al., 2012; Hao et al., 2019; Meyer
et al., 2014), the 8"3Cpc signal of drip water should mirror vegetation
changes. However, the §!°C values of soil air during the autumn and
winter were higher than those during the spring and summer, and the
8'3Cpyc values of drip water during the autumn and winter were lower
than those during the spring and summer. This does not seem to prove
that the 8'°Cpy value of drip water reflects the vegetation changes. As
mentioned in Section 5.1, the lag time of drip water in this study was
estimated to be 154 days. Accordingly, it can be inferred that the
8'3Cpyc value of drip water during the autumn and winter can reflect
the vegetation signal of the previous spring and summer. With respect
to the cave air, the lag time of the CO, concentration in the cave air was
also ~5 months relative to the CO, concentration in the soil air (Fig. 4b
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and c). Here, we first exclude the effect of degassing of drip water on
CO, concentration in the cave air. Because the five drip sites were
seasonal drips, the degassing of drip water was more in the rainy
season, but CO, concentration in the cave air was lower during the
same period. This suggests the degassing of drip water may be not the
main cause of the changes in CO5 concentration in cave air. Hence this
behavior may have been caused by cave ventilation (Lyu et al., 2020).
That is, stagnation of the cave air during the autumn and winter in-
creased the P¢p, of the cave air, which led to a decrease in the 83Cpic
value of drip water. Thus, the 8'3Cp;c value of drip water during the
autumn and winter could provide a better indication of the vegetation
change during the previous spring and summer. This is because a high
Pco, in cave air is the result of the accumulation of CO, in soil air during
the autumn and winter seasons under stagnated cave air (The large
difference of CO, concentration between cave air and soil air may be
ascribed to the cave ventilation. The air of Shawan Cave rarely ex-
changes with the atmosphere in the autumn and winter seasons, leading
to cave air stagnation. The cave air that come from soil air accumulates
at the bottom of the cave, which causes that CO, concentration of cave
air is much higher than those of soil air.).

The annual mean 8'3Cp;c value of drip water in 2018 was lower
than that in 2017. It can be implied that the §'3Cp¢ value of drip water
may have responded to vegetation restoration through the influence of
vegetation restoration to changes in the CO, concentration and §'3C
value of soil air. However, the annual mean 8'°Cp; value of drip water
was higher in 2019 than that in 2017. It is possible that lower annual
rainfall (1064 mm in 2019 versus 1166 mm in 2017 and 1408 mm in
2018) reduced the flux of CO from soil air to drip water and led to the
higher annual mean §'3Cp,¢ value of drip water in 2019. However, the
mean 8'3Cpyc values of drip water during the autumn and winter de-
creased year-by-year (Fig. 4a). Moreover, in terms of the interannual
variation, the 8'3Cpc values of drip water during the autumn and
winter should correspond to the 8'3Cp,c value of the previous spring
and summer based on the lag time of drip water. As the mean 8'3Cp;c
values of drip water during the autumn and winter is hardly affected by
the exchange of cave air (Lyu et al., 2020), and rainfall in 2017, 2018,
and 2019 almost is less during the autumn and winter, the impacts of
rainfall and cave ventilation on 8'3Cp;¢ values of drip water could be
eliminated to a certain extent. The mean 8'3Cp¢ values of drip water
during the autumn and winter could better reflect vegetation change.
Hence, the interannual change in the §"3Cp;¢ value of drip water could
respond to the vegetation restoration process. This behavior has been
observed in the studies of the Shawan Test Site (Chen et al., 2017) and
the Inner Space Cavern in Texas (Meyer et al., 2014). These studies
found that the more flourishing vegetation is, the lower the 8"3Cpic
value of drip water is. This further confirms that the change in the
8'3Cpyc value of drip water could reflect the vegetation restoration
process.

5.3. Response of drip water elements to vegetation restoration

It is well understood that the elemental composition of drip water
may be derived from rainfall, dust, and soil/bedrock leaching (Baker
et al., 2000; Fairchild and Treble, 2009). Usually, the elements/ions
concentrations in drip water are primarily dominated by water-rock
interactions occurring along seepage-water flow paths, which are as-
sociated with the local hydrological characteristics (McDonald and
Drysdale, 2007; Tooth and Fairchild, 2003). However, the elements/
ions within drip water are largely utilized by vegetation (Wallacke
et al., 1979), which may make them more sensitive to biogeochemical
processes (Treble et al., 2003). Vegetation can influence the elements/
ions concentrations of drip water in two ways. One way involves the
organic acids decomposed by vegetation and the subsequent low pH
micro-environment around the roots. This can lead to increased
weathering rates, which accelerate the release of elements/ions con-
tained within rock and soil, thereby encouraging the exchange of



Y. Lyu, et al.

Table 2
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Results of a PCA of the entire dataset. The numbers indicate either positive or negative loadings (analogous to a correlation coefficient) of each principal component
(PC) for each drip water site. The bottom row gives the total percentage of variation in the data explained by each component.

Site 1# Site 2# Site 3# Site 4# Site 5#
Element/ion PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
ca?* 0.43 0.42 -0.35 0.75 0.05 0.15 0.71 0.46 0.31 0.83 0.17 0.26 0.64 0.38 0.16
Mg>* 0.62 0.31 —0.45 0.89 0.01 0.02 0.67 0.42 -0.37 0.83 0.22 -0.27 0.72 0.39 -0.21
Na™* 0.52 —0.34 —0.56 0.66 0.04 —0.65 0.56 —0.46 —0.50 0.31 -0.25 —0.86 0.50 -0.34 —0.62
K* 0.80 —0.37 0.31 —0.06 0.77 0.48 0.90 -0.26 0.27 —0.51 0.84 —0.09 0.65 -0.55 0.35
Sr2+ —0.51 0.71 0.24 —0.16 —0.61 0.53 —0.24 0.76 -0.35 0.37 0.35 0.25 -0.19 0.71 0.13
5042~ -0.75 —0.36 —0.16 —0.90 —0.06 -0.11 —0.51 0.19 0.66 —0.51 -0.23 0.76 —0.74 -0.19 0.41
HCO5™~ 0.51 0.66 0.41 0.68 —0.34 0.43 0.41 -0.34 0.43 0.81 0.31 0.30 0.47 0.67 0.48
cl- 0.36 —0.40 0.72 0.08 0.75 0.14 0.86 0.81 0.07 —0.52 0.82 -0.15 0.49 —0.62 0.52
% explained 33.37 21.84 18.79 38.78 20.54 14.63 41.01 24.40 15.26 42.63 22.40 20.31 32.97 25.99 16.08

elements/ions. Another way is the action of biomass as a nutrient sink
and the export of chemical species contained in organic matter to drip
water (Calmels et al., 2011; Dean et al., 2014; Edwards and Webb,
2009; Velbel and Price, 2007). In this study, through PCA analysis,
three PC are extracted for each drip site. This suggest at least three main
processes influence the drip water elements/ions in the Shawan Cave.

A PCA was performed for the time series of each drip site using eight
elements/ions: Ca®*, Mg?>*, Na*, K*, Sr**, $0,2~, HCO; ™, and Cl .
Three PCs (PC1, PC2, and PC3) of sites 1#, 2#, 3#, 4#, and 5# ex-
plained approximately 74.00%, 73.95%, 80.67%, 85.34%, and 75.04%
of the total variance, respectively. The loadings of each parameter are
provided in Table 2, which shows that Ca®>*, Mg?*, Na*, and HCO3™~
at all drip sites and K™ at sites 1#, 3#, and 5# were positive in PC1,
whilst SO,2~ and Sr®* (except site 4#) were negative. Drip waters
S042~ of caves where the soil is thin and vegetation cover is scarce
could reflect atmospheric source (Wynn et al., 2012). Because vegeta-
tion overlying Shawan Cave is flourishing, drip waters SO,2~ may not
reflect the atmospheric source. The negative loading of SO,*~ suggests
a greater removal of SO, from drip water, which may then be taken
up by vegetation (Borsato et al., 2015; Dean et al., 2014). The same
mechanism can be inferred from a year-by-year decreasing trend of
S0,2~ concentrations. The overburden media (e.g., vegetation) above
the cave have a certain adsorption effect on the SO,>~ contained in drip
water that flows through the soil and rock layers (Yang et al., 2012). As
vegetation gradually recovered, the SO,>~ concentration gradually
decreased in the drip water of Shawan Cave. Although the loadings of
Sr?™* at sites 1#, 2#, 3#, and 5# were negative in PC1, the absolute
values were comparatively small. Because the drip water residence time
is 154 days dominated by rainfall in the epikarst and Sr** is a trace
element that originates from rock (Wong et al., 2011). It can be inferred
the water-rock interaction process can have been relatively strong. The
origin of Ca®>*, Mg®*, Na™, and K" is the soil and bedrock in the
carbonate area (Zhou and Wang, 2005), and the concentrations of these
elements should be high under strong water-rock interactions, because
the water in the epikarst is constantly dissolving the bedrock. This may
lead to the positive loadings of Ca*>*, Mg®*, Na*, and K* in PC1. The
Sr?* positive loadings for sites 1#, 3#, 4#, and 5# in PC2 were rela-
tively large, which further confirms strong water-rock interactions. The
positive loadings of K* for sites 2# and 4# in PC2 were also com-
paratively large; hence, the K* concentrations at these sites were high
under strong water-rock interactions. Positive loadings of Cl~ in PC2
and PC3 were determined for sites 2#, 3#, and 4#, and sites 1# and
5#, respectively. The Cl~ concentration is known to be controlled by
the transpiration effect, whereby a higher Cl~ concentration results
from increased transpiration (Treble et al., 2016). The positive loadings
of C1™ in PC2 and PC3 indicate that the transpiration effect might have
been strong at these drip sites, which implies a considerable influence
of vegetation transpiration to these drip sites.

In summary, the PCA identified three main processes that affect the
variation in the elements/ions concentrations of drip water in Shawan
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Cave: 1) vegetation uptake, which indicates how the vegetation influ-
ences the chemistry of drip water as it infiltrates through the root zone
(Edwards and Webb, 2009); 2) transpiration, which, when strong, im-
plies undergrowth or tree maturation (Treble et al., 2016); 3) water—
rock interactions, which, when strong, suggest a relatively high dis-
solution of the host rock. It was found that the concentrations of Ca®*,
Mg?*,Na*, K*, and Cl~ in drip water increased year-by-year over the
study period, whereas the S042~ concentration decreased (Fig. 7).
These variations might be attributed to the vegetation recovery above
Shawan Cave; thus, variations in the vegetation mainly affected the
changes in the elements/ions concentrations of the drip water from
three aspects. On the one hand, the SO42 ™ ion is taken up by vegetation
increased with the flourishing of vegetation, and thereby decreased the
SO42~ concentration in drip water over time. On the other hand, with
an increase in flourishing vegetation, there was an increase in organic
acids due to the decomposition of vegetation, and the resultant low pH
around the roots led to increased weathering rates (Dean et al., 2014;
Estrade et al., 2015). This, combined with strong water—rock interac-
tions, accelerated the release of elements from the soil and host rock
minerals, and in turn led to increasing trends in the Ca®*, Mg®>*, Na*,
and K" concentrations of drip water over time. In addition, as the ve-
getation gradually recovered, the transpiration effect strengthened and
caused the Cl™ concentration to increase year-by-year. Therefore, the
interannual variability in the elements/ions concentrations of drip
water was probably influenced by vegetation restoration.

5.4. Implications for proxy records of speleothems

The interpretations of the temporal trends in the 8§'3Cp;c value, §'%0
value, and elements/ions concentrations of drip water suggest that
these parameters could have responded to natural vegetation restora-
tion during the monitoring period; hence, these parameters may act as
proxies for vegetation change. Numerous studies have indicated that
proxies of speleothems offer the opportunity to reconstruct past climate
change (Casteel and Banner, 2015; Fairchild and Treble, 2009; Jo et al.,
2011; Li et al., 2011; Mattey et al., 2008). In general, proxies of spe-
leothems are associated with regional hydrological change. Regional
hydrological change is controlled by temperatures, rainfall, and soil-air
CO, of a region, which can all influence variations in vegetation (Meyer
et al., 2014; Sun et al., 2018). For example, southwest China (low la-
titudes) is located on the main atmospheric moisture transportation
pathway and is mainly affected by the Indian Summer monsoon. A
strong summer monsoon would cause climate change. And tempera-
ture, evaporation, and rainfall could determine effective humidity,
which dominated the regional hydrological conditions. Finally, this has
a profound effect on variations in vegetation (Kuo et al., 2011; Woo
et al., 2015; Wu et al., 2020). Proxies of speleothems may be also re-
lated to variations in vegetation. For instance, a study reported that
vegetation cover is an important driver of the §'°C values in spe-
leothems, and that temperature and rainfall are secondary factors in
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cave

Fig. 11. Conceptual model of the geochemical proxies of drip water at Shawan Cave in responses A, B, and C.

monsoon areas (Fohlmeister et al., 2020). Therefore, the §'3C, §'%0,
and element/ion of speleothems have the potential to reflect variations
in vegetation.

In consideration of climate and the results of this study, a simplified
conceptual model is proposed for the relationship between the proxies
of speleothems and the variation in vegetation at Shawan Cave
(Fig. 11). The model consists of responses A, B, and C. In response A, the
8'80 value of speleothems may potentially reflect vegetation restora-
tion, and is dependent on any evaporation and transpiration effects
before drip water reaches the cave. The evaporation (transpiration)
effect weakens (strengthens) as vegetation improves, which produces
the response of the §'®0 value of speleothems to variations in vegeta-
tion. In response B, the CO, concentration (8'3C value) of soil air in-
creases (decreases) year-by-year as vegetation restoration progresses,
which causes an interannual variability in the 8'3Cpyc value of drip
water (i.e., it decreases year-by-year during the autumn and winter).
This demonstrates that the 8'3C value of speleothems could reflect
variations in vegetation. In response C, the variations in the elements/
ions concentrations of drip water are caused by vegetation uptake,
vegetation transpiration, and water-rock interactions. This causes that
elements/ions concentrations of drip water could reflect variation in
vegetation. Hence, the SO,>~ associated with speleothems can poten-
tially indicate the variations in the vegetation biomass overlying
Shawan Cave, whereas the Cl~ concentration of speleothems might
reflect the transpiration effect. Therefore, the coupled study of the
8'3Cpyc value, 8'80 value, and elements/ions concentrations in drip
water could assist in understanding the mechanisms that speleothem
proxies reconstruct variations in vegetation.

6. Conclusions

The conditions of the surface and cave were monitored at Shawan
Cave for three consecutive years. It was found that the §'%0 values of
drip water showed both the seasonal and interannual variations. The
8'80 value of drip water to be more positive during the spring and
summer in comparison to that during the autumn and winter, which is
caused by the mean residence time of drip water (154 days). The eva-
poration effect weakened and the transpiration effect strengthened
outside the cave as vegetation improved, which may cause an inter-
annual variability in the §'%0 value of drip water to exhibit a year-by-
year increasing trend. This indicates that changes in vegetation may
have been another factor influencing the change in the §'®0 value of
drip water. Meanwhile, carbon isotope values and elements/ions
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concentrations in drip water also exhibited significant interannual
variations. It was inferred that vegetation restoration caused the CO,
concentration (§'3C value) of soil air to increase (decrease), thereby a
year-by-year decreasing the 8'3Cpic value of drip water during the
autumn and winter simultaneous to the progressive restoration of ve-
getation. The variations in the elements/ions concentrations of drip
water were influenced by vegetation uptake, vegetation transpiration,
and water-rock interactions; hence, the interannual variations in the
elements/ions concentrations of drip water may have been associated
with vegetation restoration. Accordingly, a conceptual model com-
prising three responses was proposed, which indicated that the three
response modes of 8180 value, 8'3Cp;c value, and elements/ions of drip
water to variations in vegetation. It should be noted that the potential
for 8'%0, S, and Cl of speleothem to be used to track variations in ve-
getation in the Shawan Cave based on the response of drip water
chemistry to variations in vegetation. These findings provide new in-
sights of paleoenvironmental reconstruction using proxies of spe-
leothems.
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