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• Study the rainwater harvesting projects in
karst mountains from runoff components.

• Evapotranspiration in hydrological cycles
influences the isotope of cistern water.

• Endmembermodel is used to study the re-
charge source of water cisterns.

• D-excess and TDS were used to classify
three runoff mixing patterns.

• Seasonal isotopic response can reflect the
recharge stability of water cisterns.
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 Rainwater harvesting (RWH) projects in a decentralized way are significant measures to deal with the water scarcity
dilemma in rural areas of the karst mountains in Southwest China at present. Due to the differences in cistern construc-
tion features and geomorphological positions, the water sources of cisterns were characterized by marked spatial var-
iability, and the recharge stability of cisterns was strongly influenced by precipitation seasonality. Nevertheless, in
hydrological processes on karst hillsides, the identification of different runoff types of RWH has not been sufficiently
studied. The stable isotopes of hydrogen and oxygen of eleven cisterns and epikarst springs in subtropic cockpit karst
landforms were monitored from 2020 to 2021 to investigate the runoff characteristics in RWH. Evaporative fractiona-
tion in different hydrological cycles is the predominant factor regulating the stable isotopic signature of cistern water.
The results indicated that the typical roles that occurred in the recharge process contributed differently to water har-
vesting, with surface runoff (SR) and subsurface runoff (SSR) contributing much more than rainwater (RW) and
epikarst runoff (ER). Three mixing patterns were proposed by end-member analysis in which SR + SSR, ER, and
RW were three end members with indicators of isotopic value and the total dissolved solids (TDS). The recharge of
SR + SSR was the predominated source, which contributed to 64% of the total water resources collected through
RWH in the rainy season. In addition, the influence of various runoffs on the recharge stability of the cistern can be
reflected by the multiple statistical analysis of isotopic fluctuation. Poor recharge stability is caused by excessive SR
+ SSR, whereas a higher percentage of ER and RW leads to better recharge stability. The applied method of hydrolog-
ical process analysis is significant to the cistern water resources management in rural areas of the karst mountains.
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1. Introduction

Karst landscapes cover 15.2% of the global land area, and 16.5% of the
world's population depends on karst water (Goldscheider et al., 2020). Sea-
sonal water resource shortages have become an important factor restricting
the development of local agriculture and other industries in rural areas of
the karst mountains in Southwest China (Jiang et al., 2019; Yuan, 2014).
The occurrence of extreme droughts can even threaten the drinking water
security of humans and livestock. The formation of karst cracks and con-
duits has resulted in significant surface water leakage, which is the primary
reason for water scarcity in this area (Qin et al., 2015; Williams, 2008).
Rainwater harvesting (RWH) has beenwidely applied and extensively stud-
ied in recent years, especially in urban districts (Campisano et al., 2017;
Feng et al., 2022; Li et al., 2021). The RWH project aims to reuse rainwater,
mainly for irrigation, household, and municipal cleaning. In the karst
mountains, the use of decentralized water cisterns or water tanks to store
runoffs generated during rainfall is an important measure to address the
problem of water scarcity. They are the only water source and cover all
daily living and manufacturing. Most of the cisterns are built at the foot
of the hillsides to collect more slope runoffs during rainfall. Some cisterns
adjacent to epikarst springs can harvest spring water to improve collection
efficiency (Jiang et al., 2019). As a result, the harvesting of runoffs gener-
ated by hydrological processes of karst slopes driven by rainfall is substan-
tial for RWH in this region. Therefore, slope hydrological processes regulate
the quantity and quality of water, apart from those using the rooftops as
catchment surfaces.

Surface runoff (SR) at the atmosphere-soil interface, subsurface runoff
(SSR) at the soil-epikarst interface, and epikarst runoff (ER) generally repre-
sented by epikarst springs are the three primary forms of runoff generated
during slope hydrological processes of karst hillsides (Fu et al., 2015b).
Due to the considerable heterogeneity in the distribution and thickness of
soil layers on karst slopes, carbonate rocks can be immediately exposed
on the surface, making the generation of continuous runoff in soil layers dif-
ficult (Cao et al., 2003). As a result of weathering and erosion, the soil-
epikarst interface is commonly structured as “soil-filled grikes,” allowing
SSR from the soil layer to drain down the slope at the interface after subsur-
face saturation areas in each grike connecting on a large scale, a theory
known as “fill and spill” (Wang et al., 2020c). Surface and subsurface runoff
generation coefficients are related to rainfall intensity, soil water content,
soil distribution, topographic slope, infiltration coefficient of epikarst
karst zone, and karst morphology (Fu et al., 2015a; Fu et al., 2015b; Uber
et al., 2018; Wang et al., 2020c; Yan et al., 2018). SSR at the soil-epikarst
interface infiltrates and recharges the underlying epikarst zone, the struc-
ture of which determines the dynamics of the water cycle in the soil-
epikarst system (Perrin et al., 2003). Epikarst runoff is discharged as an
epikarst spring if the rainfall threshold is satisfied (Jiang et al., 2008).
Groundwater recharge processes are impacted by concentrated infiltration
of fast flow through conduits and fissure in the subsurface soil layers, and
that fast recharge processes aggravate the vulnerability of the groundwater
environment (Hartmann et al., 2017; Hartmann et al., 2021; Jiang et al.,
2015). The undulating epikarst zone and the heterogeneous and discontin-
uously distributed soil layers form a dual structure in the karst area, making
it challenging to study and predict slope hydrological processes with multi-
ple runoffs, thus resulting in difficulties determining thewater source of cis-
terns dependent on slope hydrological processes.

Stable hydrogen and oxygen isotopes are widely applied in hydrogeol-
ogy to analyze groundwater circulation and recharge mechanisms (Batista
et al., 2018; Hao et al., 2019; Ma et al., 2017; Mao et al., 2021). In karst ba-
sins, hydrological functions, such as rainfall mixing, hydrological connec-
tion, and flow routes, can be identified by hydrogen and oxygen isotopes
(Qiu et al., 2022;Wang et al., 2020b; Zhao et al., 2018). Theflow character-
istics of soil water on karst slopes are dominated by vertical piston flow at
the soil-epikarst interface, as revealed by hydrogen and oxygen isotope sig-
natures in previous studies (Liu et al., 2017; Zhang et al., 2021). The most
significant factor determining isotope values is the variations in evapotrans-
piration through distinct water cycle paths (Hu et al., 2015). Evaporation of
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surface soil water varies the vertical distribution of hydrogen and oxygen
isotopes, with isotope values at the surface layer tending to be positive,
and this evaporation occurs primarily within a few millimeters of the sur-
face soil (Gowing et al., 2006; Xu et al., 2018). As a result, SR has higher iso-
topic values than rainwater. Evaporative fractionation usually occurs at the
vapor-liquid phase junction, resulting in heavier hydrogen and oxygen iso-
topes enrichment (Bao et al., 2008). For the water stored in the regular
water cistern. Evaporative fractionation is the most significant factor deter-
mining the isotope values of water in the regular cisterns without covers. In
addition, temperature also has a notable impact on the evaporative fractio-
nation process under equilibrium circumstances (Kim and Lee, 2011).

End member mixing models are widely applied in hydrological systems
to separate the contributions of different water sources (Lee and Krothe,
2001). Tracers in the models should be satisfied with the assumption that
no chemical reactions occur throughout the mixing process, and the stable
hydrogen and oxygen isotope is the most widely used indicator. This model
could quantify the contribution of different recharge processes to ground-
water, where the two endmembers are the average isotopic values of atmo-
spheric precipitation in summer and winter (Mao et al., 2021; Solder and
Beisner, 2020). In addition, previous researches have classified different
runoff ratios using water chemistry indicators for end-membermixing anal-
ysis, such as Cl− (Arbel et al., 2010), NO3

− (Wang et al., 2020a), and Ca2+/
Sr2+ (Kang et al., 2011). Therefore, end members specified by different
flow processes can determine mixing ratios in various hydrological circum-
stances where water mixing happens. In the hydrological process, SSR is
produced by saturating the soil layer and circulating through the soil
layer over a certain time. Therefore, theoretically, SSR has a higher TDS
than SR. The isotopic values of SSR can be influenced by the effect of soil
water evaporation. SR is more affected by slope vegetation withering and
topsoil. Therefore, heavy isotopes are enriched in SSR and SR. TDS in-
creases significantly due to the water-rock interaction with carbonate
rocks after precipitation infiltrating into the epikarst zone. The isotope
values are negative as the ER is not affected by evaporative fractionation.
In summary, stable hydrogen and oxygen isotopes sampled in cisterns com-
bined with water chemistry data can identify the variations in different re-
charge sources during the surface-subsurface hydrological processes on
karst slopes. Related researches in the karst areamainly focus on improving
harvesting efficiency and revealing the process of water quality deteriora-
tion (Chen et al., 2004; Jiang et al., 2019; Qin et al., 2015). However, not
enough studies have attempted to analyze the slope hydrological processes
involved in identifying different recharge sources of cisterns. The mixing
mechanisms of runoffs generated in surface-subsurface hydrological pro-
cesses in rainwater harvesting projects due to the heterogeneity of karst
slopes were the main scientific issues of this paper.

There are multiple sources for a specific water cistern in different sea-
sons, and the contribution percentage of every source depends on the
amount and intensity of the rainfall. The challenge is to differentiate the
runoffs of SR, SSR, and ER generated in the hydrological process on karst
slopes. The construction features of water cisterns can determine the re-
charge sources in most instances. However, before runoffs enter cisterns,
the mixing of diverse runoffs in the harvesting process is usually
overlooked, especially for SSR and ER. The objectives of this study are
(1) to clarify the cisterns' recharge sources and stabilities by analyzing iso-
tope distribution and fluctuation of cistern water, rainwater and epikarst
spring water, (2) to determine the mixing of runoffs in surface-subsurface
hydrological processes by end-member analysis, and (3) to evaluate the
water quantity and quality risks of the sampled cisterns. Furthermore, the
research findings may contribute to more precise models for water cistern
management in karst mountainous areas.

2. Materials and methods

2.1. Study area

The study area is in a small and remote village called Nonglei (24°31′
14″N, 107°5′5″E), which belongs to Fengshan County, Hechi City,
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Southwest China (Fig. 1A). Nonglei locates at the base of a karst depression,
with a typical cockpit karst landform. The highest point on the north side of
the depression is 929 m above sea level, and the lowest point in the center
of the depression is 556 m (Fig. 1B). Fengshan County is in a subtropical
monsoon area, near the southern foot of the Yunnan-Guizhou Plateau,
with abundant rainfall, mild and humid weather. The average annual tem-
perature is 19.4 °C, and the average annual rainfall is 1506 mm
(1951–2013) (Liu et al., 2021). Precipitation is distributed unevenly
throughout the year, with the rainfall amount from May to September ac-
counts for 77% of the annual amount (Jiang et al., 2019). The strata in
the study area are the Upper Carboniferous, and the lithology is medium-
thick layered limestone with dolomite (Liu et al., 2021). With a thickness
ranging from 0 to 1 m, the distribution of soil on slopes is uneven. The pre-
dominant soil texture is sandy silt. The vegetation coverage on the hillsides
is more than 90%, based on the survey of UVA.

Nonglei village relies on RWH as its only source of water. The water cis-
terns are often constructed near the foot of the hill or in the middle and
lower part of the slope, and they may receive a variety of runoff replenish-
ment via the artificial water catchment surface. Fig. 2 depicts a basic pat-
tern of a hillside cistern and represents the three forms of runoff and their
corresponding circulation pathways. Most water cisterns follow this pat-
tern, except for a minority that use the rooftop as a catchment surface to di-
rectly collect rainfall. The artificial water catchment surface at the junction
of the water cistern and the slope surface is usually hardened by cement.
Through this catchment surface, the mixed runoffs generated during the
rainfall process and the epikarst springs could flow into the water cistern.
Fig. 1. A. Location of study area; B. Geomorphology map of the karst depression of
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The capacities of cisterns were generally between 200 and 600 m3. Most
of the cisterns were designed without cover. Steel meshes were used on
some cisterns with trees nearby to cover leaves (E22, S04).

The edge of artificial catchment surfaces is usually covered with bed-
rock beneath the soil layer to improve engineering stability. As a result,
SSR generated from the soil-epikarst interface can be collected in cisterns
through the catchment surface. Although the collection efficiency of SR
+ SSR is high during rainy seasons, it is less effective in coping with sea-
sonal water shortages. The possibility of collecting ER depends on the loca-
tion of the epikarst springs and the engineering geology of the slope. The
rainfall threshold of epikarst springs is smaller than slope runoff in the
karst hillside, so it is more secure in dealing with seasonal water scarcity
and has better water quality (Jiang et al., 2021; Wang et al., 2020c). Rain-
water collection through rooftops is relatively rarely used due to the lower
collection efficiency. Water cisterns for drinking purposes are equipped
with filtration and purification systems to ensure that the water is safe to
consume.

2.2. Sampling methods and field measurements

Water samples for hydrogen and oxygen isotopewere collected from 11
cisterns in September 2020, January 2021, March 2021, May 2021, and
July 2021. The locations of the sampling cisterns were shown in Fig. 1C.
Table 1 described the geomorphological positions and the construction fea-
tures of the 11 sampling cisterns. In the study area, based on architectural
features, water cisterns can be divided into five categories: (1) artificial
Nonglei; C. Distribution of sampled cisterns and investigated epikarst springs.



Fig. 2. Basic recharge pattern of the water cistern in karst mountainous areas.
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water catchment slope, (2) artificial water catchment slope and epikarst
spring, (3) epikarst spring and natural slope, (4) artificial water catchment
slope and rooftop catchment, (5) rooftop catchment. The 11 water cisterns
cover these five types. For each water cistern in Table 1, five water samples
were collected in five different months. Two epikarst springs (ES1 and ES2)
were sampled once in May 2021. ES1 was around the S16 cistern at the
depression's southern slope, and ES2 was located above the E13 cistern
near an old and damaged cistern. Rainwater samples were collected cumu-
latively in May 2021 and September 2020 separately. A funnel with a plas-
tic table tennis ball in it was attached to the mouth of the sample bottle to
prevent evaporation. TDS values of the 11 cisterns were tested in situ by
the Ponsel multiparameter water quality analyzer (France) during cistern
sampling in May and July 2021. Therefore, 22 water samples from the 11
cisterns had isotopic and TDS values of two periods in rainy season.

Water samples were collected using 30 mL high-density polyethylene
bottles devoid of air bubbles to prevent isotope evaporative fractionation.
The stable isotopic compositions were measured by high-precision laser
spectroscopy (LGR LWIA-24d, USA) at the Key Laboratory of Karst Dynam-
ics, Ministry of Natural Resources. The δ2H and δ18O values were reported
relative to the VSMOW (Vienna Standard Mean Ocean Water) in per mil
(‰). The measurement precision for δ2H and δ18O was 0.5 and 0.05‰, re-
spectively. Precipitation and temperature data were obtained from China
Meteorological Data Network (http://data.cma.cn) with an accuracy of
the daily value. Origin 2021, Matlab 2016, SPSS 19, and ArcGIS 10.2
were applied for data analysis and graphing.
Table 1
Geomorphological positions and construction features of the eleven cisterns.

Cistern
number

Geomorphological
positions

Construction features

E06 Middle of slope Artificial water catchment slope
E13 Middle of slope Artificial water catchment slope
N20 Foot of slope Artificial water catchment slope
S04 Lower part of slope Artificial water catchment slope
N01 Foot of slope Artificial water catchment slope and epikarst spring
W01 Foot of slope Artificial water catchment slope and epikarst spring
S07 Middle of slope Artificial water catchment slope and epikarst spring
S16 Lower part of slope Epikarst spring and natural slope
N27 Foot of slope Artificial water catchment slope and rooftop catchment
E22 Foot of slope Rooftop catchment
W14 Foot of slope Rooftop catchment
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2.3. Deuterium excess analysis

Dansgaard (1964) proposed and defined the deuterium excess parame-
ter as:

d‐excess ¼ δ2H−8� δ18O (1)

The d-excess value is sensitive to non-equilibrium fractionation pro-
cesses driven by different diffusion rates of aqueous isotopes during evapo-
ration (Masiol et al., 2021; Pfahl and Sodemann, 2014). D-excess can be
reflected by differences in isotope exchange along with different water cy-
cles from the same source. Strong evaporative fractionation can lead to
heavy isotope enrichment, and the d-excess value tends to decrease (Hu
et al., 2018; Sprenger et al., 2016).

2.4. End member mixing analysis

There are three sources mixed in the recharge process of the water cis-
tern: slope runoff (SR, SSR), rainwater (RW), and epikarst runoff (ER).
The d-excess and TDS value were tracers in the end-member mixing analy-
sis. The seasonal variation in rainwater isotopes is high due to the different
sources of water vapor in different seasons. The recharge of the water cis-
terns mainly occurred during the rainy season, so the water samples of
the selected end-members were collected in the rainy season. Rainwater
in the rainy season was collected directly with sample bottles as the RW
end-member. ER end-members were selected from the two largest epikarst
springs in the depression (ES1 and ES2). TheN20water cistern serves as the
end-member of the SR + SSR because it has the largest catchment slope
area and relies on the road above to expand the catchment area. The E06
water cistern is similar to the N20 water cistern in that it also relies on
the road surface to extend the catchment area. However, it is affected by
the undulations of the road surface and has a lower harvesting efficiency
than the N20.

According to the law of mass conservation, the contribution of each
source can be calculated by solving the following equations:

CdVm ¼ CdSVS þ CdRVR þ CdEVE (2)

CTVm ¼ CTSVS þ CTRVR þ CTEVE (3)

Vm ¼ VS þ VR þ VE (4)

http://data.cma.cn


Fig. 3. Seasonal variations of the δ2H and δ18O.

Table 3
Descriptive statistical analysis of isotopes for each cistern.

Cistern number Range Mean value Standard deviation
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where Vm is the volume after mixing, VS, VR, VE are the volumes of SR +
SSR, RW, and ER, respectively; Cd is the d-excess value after mixing, CdS,
CdR, CdE are the d-excess values of SR + SSR, RW, and ER, respectively;
CT is the TDS value after mixing, CTS, CTR, CTE are the TDS values of SR +
SSR, RW, and ER, respectively. By solving the linear equations, the ratio
of each source in the mixing process can be derived: VS

Vm
, VR
Vm

, VE
Vm
. The calcu-

lation process was performed in Matlab.

2.5. Multi-temporal hierarchical clustering analysis

The values of δ18O and d-excess, which are sensitive to the typical re-
sponse of evaporative fractionation, are selected as variables in hierarchical
clustering analysis (HCA). The analysis was performed with the Ward clus-
tering algorithm and Euclidean distance. Themulti-temporal data from five
different periods can reveal the seasonal variation characteristics. The clus-
tering process was performed in SPSS.

3. Results

Fig. 3 depicted the variations on the δ2H and δ18O of water in cisterns in
the study area. The descriptive statistical analysis by month was illustrated
in Table 2. The isotope values in the water cisterns sampled in different
months varied significantly. The trend of the average values of δ2H and
δ18O from the largest to the smallest was: May–July-March-January-
September. The heavier isotopes were most enriched in May and least
enriched in September. The minimum isotopic values of the cisterns in au-
tumn were consistent with the trend of precipitation isotopes and were at-
tributable to the extremely heavy rainfall in September 2020 with lower
isotopic values, which were −69.28‰ (δ2H) and −9.79‰ (δ18O). The
standard deviation was highest in May, lowest in January and September,
and the range was also highest in May (Table 2). The standard deviation
and range reflected the significant variations in the recharge sources in
Table 2
Descriptive statistical analysis of isotopes for different months.

Month Range Mean value Standard deviation

δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰)

2020/09 17.77 3.55 −46.43 −6.57 5.74 1.25
2021/01 16.76 3.18 −44.08 −5.86 5.42 1.12
2021/03 17.48 3.45 −38.15 −5.03 5.74 1.21
2021/05 25.26 4.39 −20.06 −2.64 7.97 1.34
2021/07 14.94 3.18 −30.00 −3.97 5.38 1.19
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the wet and dry periods. Table 3 depicted the descriptive statistical analysis
classified by water cisterns. The average value of the δ2H and δ18O in
Table 3 represented the difference of recharge source between cisterns in
the hydrological process on karst slopes. The mean values of δ2H and
δ18O of E06, N20, and E13 were relatively positive, which were
−27.30‰, −30.66‰, −33.53‰ (δ2H) and −3.24‰, −3.51‰,
−4.09‰ (δ18O), respectively, showing that their recharge source was pri-
marily heavy isotope-enriched runoff. The mean values of δ2H and δ18O of
E22, and S16 were relatively negative, which were −40.18‰, −41.64‰
(δ2H) and −6.15‰, −6.00‰ (δ18O), respectively. Water cisterns with
larger standard deviation and range values (S07, W01, N20, E22) had a
greater variation in recharge composition from different seasons, whereas
water cisterns with smaller standard deviation and range values (S04,
N27, E06) had a more consistent and stable source of recharge (Table 3).
Table 4 presented the TDS values during the rainy season (May and July),
with epikarst springs characterizing the greatest TDS of 200.6 mg/L and
rainwater characterizing the lowest TDS of 6.93 mg/L. The TDS values of
the water cisterns were all in the range of rainfall and epikarst springs, in-
dicating that the multiple recharge sources were mixed. The TDS values
of the water cisterns ranged from 32.19 mg/L to 101.4 mg/L, revealing
that the mixing ratios varied widely.

The plot of δ2H versus δ18O for cisterns and epikarst springs samples
was depicted in Fig. 4. The stable isotopes exhibited significant seasonal
variations, enriched in the rainy season while depleted in the heavy iso-
topes in the dry season. The GMWL was the global atmospheric precipita-
tion line (Craig, 1961), and the LMWL was the local atmospheric
precipitation line (2017 to 2018) established by Wang et al. (2020b) in
Huanjiang County, Hechi City. The slope of the LMWL was almost equal
δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰)

E06 24.41 3.45 −27.30 −3.24 10.27 1.42
E13 33.92 4.80 −33.53 −4.09 13.54 1.87
E22 39.40 4.95 −40.18 −6.15 16.15 1.97
N01 27.93 4.27 −35.08 −4.43 11.87 1.77
N20 36.76 5.45 −30.66 −3.51 14.73 2.13
N27 16.00 2.45 −34.81 −4.48 7.21 1.03
S04 17.43 2.72 −34.92 −4.76 6.82 1.03
S07 38.47 6.65 −34.66 −4.83 14.10 2.41
S16 15.52 2.43 −41.64 −6.00 6.67 1.08
W01 27.37 4.83 −39.02 −5.57 12.29 2.17
W14 23.81 3.47 −41.40 −5.93 10.21 1.40



Table 4
TDS values during rainy season (May and July).

Cistern number TDS (mg/L)

2021/07 2021/05

E06 43.06 45.32
E13 44.53 46.15
E22 38.26 42.99
N01 41.2 37.65
N20 35.05 32.19
N27 34.42 35.77
S04 42.91 36.77
S07 75.83 44.59
S16 101.4 51.04
W01 51.6 56.31
W14 40.88 42.3
Precipitation No data 6.93
ES1 No data 176.7
ES2 No data 200.6
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to the GMWL, with a slightly larger intercept than the GMWL. As shown in
Fig. 4, red points represented the rainy season, and green points repre-
sented the dry season. The red evaporation line (EL) in the rainy season
was above the EL in the dry season because of the significant differences
in evaporative fractionation between seasons. Most of the cistern samples
were distributed under the GMWL and the LMWL, and isotopic values
were characterized with obvious seasonal zonation.

4. Discussion

4.1. Stable hydrogen‑oxygen isotope and d-excess analysis

Previous research showed that precipitation isotopes in the Hechi re-
gion had maximal values in the winter and spring and minimal values in
the summer and autumn (Wang et al., 2020b). The minimums occurred
during the rainy season commonly (Guo et al., 2015). As exhibited in
Fig. 3, the trend of cisterns isotopes from winter to spring was the inverse
pattern of the precipitation isotopes due to the strong effect of evaporative
fractionation. The intersection of the EL and LMWL, which was surrounded
by the cistern samples in September, could represent the isotopic signatures
not significantly affected by evaporation (Huang et al., 2017; Mao et al.,
2021).

Fig. 5 showed the fluctuation curves of δ2H and δ18O by month. The
general trend in isotope values was decreasing in the order of cisterns
displayed in Fig. 5. N20 and E06 are water cisterns with roadway
Fig. 4. Plot of δ2H versus δ18O for cisterns, epikarst springs, and precipitation
samples. Red areas present rainy season samples, green areas present dry season
samples. EL stands for Evaporation line.
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catchment surfaces, which represented higher proportions of slope runoff.
The isotope values of rainwater and epikarst springs collected in the rainy
season tended to be negative. The cisterns in the light-yellow areas (E06,
N27, and S04) exhibited a clear contraction characteristic, which
corresponded to the smaller range value of isotopes in Table 3. This indi-
cated a more consistent source of recharge and less seasonal variance.
The water cisterns in light-grey areas (S07 and S16) showed a clear differ-
ence in recharge sources. S07 revealed isotopic anomalies in July 2021 and
September 2020. According to the field survey, many mulberry trees were
planted for sericulture on the slope above S07, and agricultural activities on
the slope resulted in an unstable source of runoff (Peng and Wang, 2012).
The isotopic abnormality exhibited in the S16 cistern was in September
2020. According to the field interviews, agricultural activities caused local-
ized vegetation destruction on the slope above S16 and extremely heavy
rainfall in September 2020 flushed some soil into the cistern, leading to
the enrichment of heavy isotopes. The local multi-year average rainfall in
September was 118 mm, while in 2020 there was 355 mm of precipitation
occurred in September (Jiang et al., 2019). This phenomenon reflected the
soil erosion process under extreme rainfall conditions in karst mountainous
areas (Yan et al., 2018). To better highlight the seasonal variation features
of cistern recharge sources, the third quartile of standard deviation (Q3) of
δ18O in Table 3 was calculated with the result of 2.05. S07, W01, and N20
were cisterns with standard deviations bigger than Q3, indicating poor re-
charge stability.

Plots of d-excess bymonth were shown in Fig. 6. N20 and E06 were typ-
ical SR + SSR recharged cisterns, characterizing the heaviest isotopic
values in the rainy season. The d-excess value of the black dashed line
was 0‰, the d-excess value of the fuchsia dashed line was 5‰, and the d-
excess value of the yellow dashed line was −5‰. The samples, which
were mainly recharged by SR + SSR, were relatively close to the yellow
line, whereas the samples recharged by ER or RWwere closer to the fuchsia
line. The SSRwas generated at the soil-epikarst interface, where the prefer-
ential flow was dominated in the process of infiltration and saturation in
soil-filled grikes (Fu et al., 2016; Wang et al., 2020c). The enrichment of
heavy isotopes in soil water was due to the evaporative fractionation of
the topsoil. In the rainy season, the mixing of abundant rainwater and
heavy isotopes enriched soil water led to δ18O enrichment of SSR at the
soil-epikarst interface (Zhang et al., 2021). During the recharge of SSR, a
decrease in d-excess values of cistern water was caused by secondary evap-
oration processes (Batista et al., 2018). Compared to SR, SSR passed
through a saturation process in the soil layer and had heavier isotope
values. The hydrological process of SRwas similar to the harvesting process
of rainwater through the rooftops which were covered with moss and
weeds due to atmospheric deposition, dense vegetation, and warm,
humid climatic conditions. As a result, the d-excess values of E22 (RW)
andW14 (SR)were all around the fuchsia line. For the hydrological process
of the epikarst zone, rainfall could recharge the epikarst zone through fis-
sures and conduits rapidly, the evaporative fractionation was much weaker
than soil water. Moreover, the water-rock interaction in the epikarst zone
could result in lower δ18O values (Guo et al., 2018; Zhou et al., 2017).
Therefore, the water cisterns recharged by epikarst springs had a higher
d-excess value, such as S16.

4.2. Characterizations of recharge sources in the rainy season

The water in cisterns was mixed by four types of runoffs during the har-
vesting process, namely SR, SSR, ER, and RW. Soil layers on the slopes of
karst depression areas are thin and unevenly distributed, and soil moisture
content varies considerably. According to themechanism of SSR generation
during hydrological processes on karst slopes, soil water, which is affected
by evaporation, accumulates and influences SSR. As a result, the isotope
values of SSR were relatively positive. Atmospheric precipitation is the
source of recharge for regional runoffs. The isotope values of RW were rel-
atively negative. The isotopic values of SR are intermediate between the
two. TDS value was applied to identify the hydrological processes of ER,
as epikarst springs were characterized with a higher TDS value than other



Fig. 5. Fluctuation curves of δ2H and δ18O by month.
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forms of runoff. The mixing of three recharge sources was plotted based on
the TDS and isotope values in May and July 2021 (Fig. 7). The mixing plot
inMay and July was significantly representative since themajor recharging
process occurred during the rainy season and it was difficult to generate
much efficient recharge during the dry season. A thorough distinction be-
tween SSR and SR was hard to determine just on cistern water sampling
analysis, which could only indicate the mixing extent of them. For this rea-
son, there were three end members in the mixing process. As shown in
Fig. 7, RW, SR + SSR, ER were located at the three vertices as three end
members. Thefirst endmemberwas defined by rainwater samples. The sec-
ond end member for SR + SSR was defined by cistern N20, whereas the
third end member for ER was assigned by the mean values of ES1 and
ES2. Rainwater had the smallest TDS values and the most negative isotope
values, while epikarst springs were characterized with the highest TDS
values and relatively negative isotope values. In contrast to them, SSR
enriched heavier isotopes. There was a big epikarst spring (ES1) channeled
into cistern S16 (Fig. 1C). As a result, S16 was significantly affected by ER.
The cistern of E22, whichwas characterized as a rooftop catchment surface,
was rainwater sourced.

The sample points were centered on the second end member with two
“V” shaped branches, according to the data distribution trends exhibited
in Fig. 7. Three types of mixing patterns (A, B, and C) were classified
based on the end-member mixing analysis. Patterns A, which consists pri-
marily of SR+SSRwith a small quantity of RW and ER, covered themajor-
ity of sample points and was distributed around the second end member.
Patterns B was distributed between the first and the second end member
and relatively close to the first end member, which indicated a mixture
dominated by RW and SR for the water cisterns that were not sourced
from rooftops only. The closer to the first endmember, the relatively higher
the proportion of RW in it. Taking cisternW14 as an example, the contribu-
tions of RW and SR were relatively high in W14, which was built with a
rooftop catchment and a small-scale catchment surface on a slope. Samples
of pattern C were distributed in the area around the third between the sec-
ond and the third end members, with a distinct ER mixing. As shown in
Fig. 1C, cisterns of S16, S07, and W01 were all channeled by epikarst
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springs, which were affected by ER to some extent. It was worth noting
that E13 and E06 were located to the right of the midpoint line in Fig. 7, in-
dicating that they were influenced by a small portion of ER. Therefore, in
the absence of significant epikarst springs, some epikarst runoff is still
recharged as seepage from the soil-epikarst interface, mixing with SSR be-
fore flowing into cisterns.

Fig. 8 showed the mixing ratios of the three end members in the rainy
season, with SR + SSR being the predominant recharge type, accounting
for 64%of the total water resources in the sampledwater cisterns. Although
ER accounted for the smallest share, some epikarst springs recharged cis-
terns could collect spring water accumulatively in the absence of rainfall,
which had great significance onwater quality, as water quality deteriorated
over time in cisterns (Jiang et al., 2019). The calculations revealed that the
sources of some cisterns varied significantly betweenMay and July, the rea-
son was that the proportion of different runoffs generated varied with rain-
fall amount and intensity and that the TDS value of the epikarst springs
fluctuated in the process of precipitation (Jiang et al., 2008; Wang et al.,
2020c). For a precise mixing pattern study, more samples and longer-
term monitoring were required. Only a basic model for mixing categoriza-
tion was offered in this paper. The demographic composition of residents
and the structure of the agricultural industry were comparable, according
to the site survey, as were the per capita water requirements for residential
and agricultural output. The construction volume of the water cistern was
also determined by the number of permanent residents served. Accord-
ingly, the water use strategies for each of the sampled cisterns were
relatively similar. As a result, while the variations in evaporative fractiona-
tion owing to lengthy durations of water storage in a specific water cistern
could not be ruled out and were prone to certain calculation errors, the dif-
ferences in hydrological processes could still be reflected through thewater
samples in cisterns to some extent.

4.3. Seasonal scale recharge stability analysis

According to the previous conclusions, water cisterns of S07, W01, and
N20 had poor recharge stability, which was derived from the standard



Fig. 6. Plot of δ2H versus δ18O and the d-excess values by month.
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deviation statistics. Although this result reflected the overall trend, it did
not account for the variations for each cistern on a seasonal scale. In
order to elucidate the seasonal recharge variation, five hierarchical cluster
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analyses based on isotope data from the eleven water cisterns in various
months were conducted. A distance between clusters of 10 was selected,
with all cistern samples falling into two clusters eachmonth. The significant



Fig. 7.Mixing of the three recharge sources during rainy season.

Table 5
Multi-temporal hierarchical clustering analysis.

Cistern number 2021/07 2021/05 2021/03 2021/01 2020/09

N20 C2 C2 C2 C2 C2

E06 C2 C2 C2 C2 C2

E13 C2 C2 C2 C2 C2

S07 C1 C2 C2 C2 C1

N01 C2 C2 C2 C2 C2

N27 C2 C2 C2 C2 C2

S04 C1 C2 C1 C2 C2

W01 C2 C2 C1 C1 C1

W14 C1 C1 C1 C1 C1

E22 C1 C1 C1 C1 C1

S16 C1 C1 C1 C1 C2

Note: C1 indicated cluster 1 (light blue) andC2 indicated cluster 2 (light yellow).
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difference between the two clusters, according to the HCA, was whether
theywere impacted by SSR. Themixingwith soil water exhibited character-
istics that were clearly influenced by evaporative fractionation (Hu et al.,
2015). Table 5 summarized the HCA results. Cluster 1 (C1) indicated little
or a small proportion of SR + SSR mixing, with ER or RW predominated.
Cluster 2 (C2) indicated a large proportion of SR + SSR mixing. Without
the TDS indicator, ER and RW dominated cisterns would be classified in
the same cluster. However, the cisterns that collected rainwater directly
were easily distinguishable from construction features, making this method
viable.

E22 andW14 were consistently in cluster 1 according to Table 5. Fig. 7
showed that they were RW dominated cisterns, both of which had similar
Fig. 8.Mixing ratios for each c
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recharging processes and were characterized with good stability. For S16,
epikarst spring (ES1) was the major source, thus characterizing good re-
charge stability in most instances. W01 was in cluster 1 during the dry
istern in the rainy season.
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season and cluster 2 during the rainy season. It was mainly recharged by a
small epikarst spring and runoffs through the artificial water catchment
slope above it (Fig. 1C). Therewas less influence from the SR+SSRmixing
above the catchment during the dry season, but more influence during the
rainy season, when recharge stability was poor. The N27 cistern, which in-
cluded a rooftop catchment as well as a slope catchment, was consistently
in cluster 2, indicating that SR + SSR was predominant and the recharge
was relatively stable. S04 was in cluster 1 in March and July, indicating
that itwasmostly RWat the time,while cluster 2 in othermonths, revealing
the dominance of SR + SSR and the poor recharge stability. E06 and E13
were relatively similar in terms of construction and both in cluster 2, indi-
cating that their recharge processes were also relatively similar between
months. N20 was in cluster 2 but had a higher statistical variance value,
which was probably due to the fact that the catchment surfacewas adjacent
to the road (Fig. 1C). Under the influence of human activities, the isotopes
fluctuated considerably. N01 was in cluster 2, dominated by SR + SSR.
There was a mixture of a small amount of epikarst spring in S07. Because
of the considerable rainfall and spring flow in these months, S07 was clas-
sified as cluster 1 in July and September. The slope above S07 was covered
with crops such as mulberry andmaize andwas subject to high levels of soil
erosion due to agricultural activities, leading to unstable isotope values and
poor water quality. In summary, for cisterns built with multiple collection
routes, excessive SR+ SSR often generated poor stability, but a higher per-
centage of ER and RW usually led to better stability, in most cases.

4.4. Management strategies and advice for different water cisterns in rainy
season

SR + SSR is the primary source of water for cisterns in RWH. Despite
the guaranteed amount of water, they are vulnerable to water quality
risks. There is a need to focus onwater qualitymonitoring from the perspec-
tive of drinkingwater safety. During the rainy season, when there is enough
recharge, water cisterns should be cleaned at least once a year. The cisterns
mainly sourced by ER have better water quality and quantity, but they are
restricted by the location of the epikarst spring, making them difficult to
replicate on a large scale. The cisternswithRWas themain source have bet-
ter water quality, but the quantity is generally restricted by the size of the
rooftop. In the case of E22, the cistern was built with pipes linking the roof-
tops of several nearby houses to ensure water collecting efficiency, but
there was still a shortage of water in the dry season according to the visit.
To avoid the possibility of contamination from excessive human activity,
it is critical to guarantee the purity of the catchment surface and the envi-
ronment of the slope above for water cisterns where SR + SSR is the
primary source of recharge. Water quality safety issues caused by extreme
rainstorms and water scarcity caused by extreme droughts must be
considered.

However, some limitations and uncertainties should be noted. The hy-
drological processes during the dry season were not included in the discus-
sion. The little renewal rate of the water in cisterns during the dry season
made it difficult to calculate the runoff mixing ratio and could only reflect
the trends in recharge. This limitation could be addressed in future research
with observations of event rainfall. The main uncertainty in this study was
the local heterogeneity of the karst medium. The cumulative collection of
one rainwater sample in a month also brought some uncertainties in sam-
pling and testing.

5. Conclusion

In the RWH of subtropical cockpit karst landforms, the analysis of stable
hydrogen and oxygen isotopes revealed that the recharge sources consisting
of SR + SSR, ER, and RW differed significantly in ratios. End member
mixing analysis indicated that there were three mixing patterns in the re-
charge process in the rainy season: Patterns A covered the majority of cis-
terns characterized by SR + SSR dominated mixing process (N20, E06,
N01, E13, N27, S04); Patterns B was dominated by RW and SR (E22,
W14); Pattern C was characterized by a distinct ER mixing (S16, S07,
10
W01). The recharge of SR+ SSRwas the predominated source, which con-
tributed to 64% of the total water resources collected through RWH in the
rainy season. The analysis of seasonal scale recharge stability by HCA
showed that poor stability was usually caused by excessive SR + SSR for
the cisterns mixed with multiple runoffs, whereas a higher percentage of
ER and RW often led to better stability. The applied method of analyzing
the surface-subsurface hydrological process of RWH is significant to the cis-
tern water resource management in rural areas of the karst mountains.
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