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A B S T R A C T   

Knowledge of the spatiotemporal dynamics of soil water content (SWC) and soil water stable isotopic compo
sitions (SWSIC) is critical for understanding water exchanges across the atmosphere-land interface. However, 
compared with those of SWC, studies on the spatiotemporal characteristics of SWSIC are still scarce, which limits 
their use for more accurately characterizing terrestrial ecohydrological processes. To examine whether SWSIC 
and SWC share similar spatiotemporal features, their spatiotemporal patterns along with relevant controls were 
investigated at shallow soils (0–10 cm) on a karst hillslope in Southwest China, based on seven sampling cam
paigns conducted over a two-year period. The results revealed considerable spatiotemporal variations in SWSIC. 
Compared to SWC, δD values exhibited smaller spatial variations, while line-conditioned excess (lc-excess) values 
exhibited considerably larger ones, suggesting that soil evaporation heterogeneity might not be the primary 
reason for spatial variations in δD of soil water in this study. The spatial structures of SWSIC were less temporally 
stable than those of SWC due to the combined impact of land surface processes and temporal variations in 
isotopic compositions of input water on SWSIC. Moreover, the spatiotemporal patterns of SWSIC were less 
explained by environmental variables that were also differed from those of SWC, suggesting that the knowledge 
gained from SWC studies might not be directly transferable to understand SWSIC spatiotemporal characteristics. 
Nevertheless, it should be highlighted that the temporal stability analysis method initially proposed for studying 
SWC could be extended to select representative sites for monitoring areal average SWSIC, due to the temporal 
persistence of the SWSIC spatial structures. In addition, a negative correlation between the spatial mean and 
standard deviation of lc-excess was found, indicating that the associated spatial variability increased with areal 
mean kinetic fractionation signals caused by soil evaporation. These findings have important implications for 
designing SWSIC monitoring schemes, which in turn can improve the interpretation of SWSIC data for various 
application purposes.   

1. Introduction 

As a key component in land surface systems, soil water has signifi
cant impacts on water, energy, and biogeochemical exchanges across the 
atmosphere-land interface (Seneviratne et al., 2010; Liu et al., 2019; Wu 
et al., 2021). To characterize soil water dynamics and trace soil water 
movements, soil water content (SWC) and soil water stable isotopic 
compositions (SWSIC; e.g., δD and δ18O) are routinely used (Vereecken 
et al., 2008; Sprenger et al., 2016). Compared to SWC as a state variable 

for depicting soil water dynamics, SWSIC can serve as ideal natural 
tracers for tracking water movements in the soil–plant-atmosphere 
continuum, e.g., illuminating water flow paths (Gazis and Feng, 2004; 
Xiang et al., 2019), quantifying soil water residence time (Chen et al., 
2017; Sprenger et al., 2019), and elucidating soil evaporation processes 
(Sprenger et al., 2017a; Kleine et al., 2020). However, owing to the 
highly dynamic interactions between soil water and environmental 
variables (e.g., soil compositions, topography, and vegetation), there 
still exist large gaps in applying SWC and SWSIC for revealing related 

* Corresponding author at: Institute of Surface-Earth System Science, School of Earth System Science, Tianjin University, Tianjin 300072, China. 
E-mail address: tiejun.wang@tju.edu.cn (T. Wang).  

Contents lists available at ScienceDirect 

Journal of Hydrology 

journal homepage: www.elsevier.com/locate/jhydrol 

https://doi.org/10.1016/j.jhydrol.2022.127964 
Received 22 November 2021; Received in revised form 9 April 2022; Accepted 20 May 2022   

mailto:tiejun.wang@tju.edu.cn
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2022.127964
https://doi.org/10.1016/j.jhydrol.2022.127964
https://doi.org/10.1016/j.jhydrol.2022.127964
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2022.127964&domain=pdf


Journal of Hydrology 610 (2022) 127964

2

hydrological and ecohydrological processes (Vereecken et al., 2008; 
Sprenger et al., 2016). 

Appropriately interpreting SWC and SWSIC data is challenging due 
to the uncertainties associated with the spatiotemporal variations in 
hydrological and ecohydrological processes (Troch et al., 2009; Beyer 
and Penna, 2021). To improve the accuracy of SWC-based estimations, 
extensive efforts have been devoted to understanding SWC spatiotem
poral patterns across scales and more importantly to elucidating the 
factors and processes that drive SWC spatiotemporal patterns (see the 
reviews by Seneviratne et al. (2010) and Vereecken et al. (2014)). 
Recent studies show that neglecting SWSIC heterogeneity could lead to 
biased or incorrect interpretations of SWSIC data for various application 
purposes (Penna and van Meerveld, 2019; Barbeta et al., 2020; Beyer 
and Penna, 2021). For example, Penna and van Meerveld (2019) showed 
that the estimated maximum contributions of different hydrological 
compartments (throughfall, soil water, and shallow groundwater) 
differed by up to 26% from the reference scenario when the spatial 
variability in isotopic composition of these three end-members was 
considered in hydrograph separations for a small catchment in Italy. 
Despite the potential importance of spatial variations in SWSIC, most 
SWSIC-related studies have focused on investigating soil water transport 
processes at the level of soil patches, with rare consideration given to the 
representativeness of these patches for larger areas (e.g., Evaristo et al., 
2015; Sprenger et al., 2017b). The lack of data quantifying SWSIC 
spatiotemporal variations makes it difficult to evaluate the associated 
uncertainties when small-scale studies are used to understand large- 
scale ecohydrological processes (Penna et al., 2018). 

In spite of the scarcity of data quantifying SWSIC variations, some 
field studies have revealed large spatial variability in SWSIC (Thomas 
et al., 2013; Oshun et al., 2016; Yang et al., 2016; Goldsmith et al., 
2018a; Oerter and Bowen, 2019; Xu et al., 2022). For instance, based on 
one campaign of 150 points, Goldsmith et al. (2018a) observed 
considerable spatial variations in δD (− 83.4‰ ~ − 33.2‰) and δ18O 
values (− 11.0‰ ~ − 0.3‰) of shallow soil water at a humid forest in 
Switzerland, and showed that such variations were poorly explained by 
soil properties and often not predictable from measurements made at 
nearby points. With two campaigns of 130 points on a karst hillslope in 
Southwestern China, Yang et al. (2016) also showed huge spatiotem
poral variations in δD values of shallow soil water (− 69.1‰ ~ − 20.5‰ 
in April and − 50.2‰ ~ − 81.1‰ in August). However, most studies of 
this kind have relied on very few sampling campaigns, making it chal
lenging to capture the temporal characteristics of SWSIC spatial struc
tures. Such facts thus hindered the applications of spatial variation 
information in illuminating ecohydrological processes under constantly 
changing environmental conditions. Therefore, more comprehensive 
studies about SWSIC spatiotemporal patterns are needed, which is crit
ical for designing appropriate field sampling strategies. 

Given that SWSIC variations caused by ecohydrological processes 
(such as mixing with pre-event soil water (Demand et al., 2019; Xiang 
et al., 2019), hydraulic redistribution (Rothfuss and Javaux, 2017), and 
soil evaporation (Quade et al., 2018)) are often accompanied by SWC 
variations, the question as to whether SWSIC and SWC share similar 
spatiotemporal features deserves further investigations. This is pertinent 
to the transferability of the knowledge gained from numerous SWC 
studies to understand the spatiotemporal variability in SWSIC. A number 
of statistical techniques have been developed to characterize spatio
temporal dynamics of SWC (Vereecken et al., 2014), among which two 
methods are most widely used. One is temporal stability analysis (TSA) 
(see the review by Vanderlinden et al. (2012)). As introduced by 
Vachaud et al. (1985), the TSA method is based on field observations 
that the SWC spatial structure tends to be temporally persistent, 
resulting in SWC at certain sites closer to and thus representative of the 
spatial mean (Hu et al., 2010; Dari et al., 2019). Another is to examine 
the relationship between the standard deviation (SD) and the spatial 
mean of SWC. Affected by a number of environmental factors (e.g., 
climate, vegetation, and soil), complex forms of this relationship were 

observed in the field (e.g., positive, negative, and upward convex re
lationships; Lawrence and Hornberger, 2007; Vereecken et al., 2007; 
Wang et al., 2017). The knowledge of these relationships can provide 
useful information for upscaling SWC and optimizing monitoring 
schemes (Famiglietti et al., 2008; Brocca et al., 2010). Therefore, we 
intended to examine SWSIC variations and analyze their environmental 
controls with the aid of classic statistical methods originally developed 
for analyzing SWC spatiotemporal patterns, which were expected to 
offer additional avenues for understanding SWSIC dynamics. 

To this end, extensive field campaigns were conducted on a karst 
hillslope in Southwestern China, where the land surface is highly het
erogeneous (Wang et al., 2019; Li et al., 2020), providing an ideal 
condition to study the spatiotemporal patterns of SWSIC. Owing to the 
complex ecohydrological processes in karst regions (Bakalowicz, 2005; 
Hartmann et al., 2014), SWSIC is an indispensable tool for revealing 
ecohydrological processes (Chen et al., 2017; Nie et al., 2019; Zhang 
et al., 2021). A comprehensive understanding of the spatiotemporal 
variability in SWSIC would be beneficial for improving the accuracy of 
SWSIC-based analyses in these regions (e.g., estimating the volume and 
ages of water stored in different compartments of the critical zone 
(Smith et al., 2020)). Meanwhile, although soil evaporation loss ac
counts for a relatively small proportion of precipitation in energy- 
limited regions, its impact on stable water isotopic compositions of 
stream water/groundwater cannot be ignored (Sprenger et al., 2017a) 
and significant fractionation signals in groundwater were observed in 
the study catchment (Zhao et al., 2018; Zhang et al., 2021). Given that 
the knowledge of variations in soil evaporation helps to calibrate 
rainfall-runoff models (see the review by Birkel and Soulsby (2015)), the 
spatiotemporal characteristics of kinetic fractionation signals of soil 
water were also investigated. In this study, 83 sampling points were set 
up on a karst hillslope, and seven sampling campaigns were conducted 
over a two-year period. Relevant environmental factors were also 
measured to evaluate their influences on the SWSIC spatiotemporal 
variations. The three aims of this study were: (1) to evaluate the overall 
spatiotemporal variations in SWSIC, (2) to investigate the controlling 
factors and processes of such variations, and (3) to examine whether the 
knowledge gained from SWC studies can be used to understand SWSIC 
spatiotemporal variations. 

2. Methods and materials 

2.1. Study area 

The study area is located in Chenqi catchment with a drainage area of 
1.25 km2, which is part of the Puding Karst Ecosystem Research Station 
in Guizhou Province, Southwestern China (Fig. 1a). A wet subtropical 
monsoon climate is prevalent in this region with mean annual precipi
tation and temperature of 1341 mm and 15.2 ℃, respectively (Ni et al., 
2017). Over 80% of annual precipitation occurs in wet season (from May 
to October). Hillslopes cover about 70% of the catchment area, and 
carbonate rock outcrops cover 10%–30% of the hillslope area (Zhang 
et al., 2019). Soils are thin and unevenly distributed with a mean soil 
depth of ~40 cm at our sampling site. 

In this study, a southwest-facing hillslope with elevation from 1400 
m to 1470 m and an average slope of ~20◦ was selected (Fig. 1a). The 
upper and middle sections of the hillslope (sampling points from No. 1 to 
No. 36 in Fig. 1b) are mainly covered by deciduous broadleaf trees (e.g., 
Platycarya longipes, Kalopanax septemlobus, and Toona sinensis) and un
derstory shrubs and grasses, while the lower part (No. 37 to No. 83 in 
Fig. 1b) is primarily covered by sparse shrubs (e.g., Pyracantha cren
atoserrata and Coriaria nepalensis) and grasses (e.g., Heteropogon con
tortus and Pteridium revolutum). Soils at the sampling points were found 
to be mainly composed of fine particles with respective average sand and 
clay content of 11.9% and 47.3%. 

Q. Liu et al.                                                                                                                                                                                                                                      



Journal of Hydrology 610 (2022) 127964

3

2.2. Field campaigns 

As shown in Fig. 1b, two parallel transects along the hillslope (T1 and 
T2, ~6 m apart) and anther two transects perpendicular to the hillslope 
(T3 and T4, ~6 m apart) were established with a total of 83 sampling 
points. The length of T1 and T2 was ~190 m with an average spacing of 
~9 m between neighboring points, while the length of T3 and T4 was 
~64 m with ~3 m spacing between neighboring points. Seven sampling 
campaigns were conducted from March 2019 to December 2020 
(Table 1). After removing surface litter from each sampling point, soil 

samples from shallow soil layers (0–10 cm) were collected using a 4-cm 
diameter hand auger. To reduce the impact of precipitation inputs on 
SWSIC, all soil samples were collected between 9:00 and 17:00 on non- 
rainy days within two days in each campaign. After excavations, soil 
samples were immediately placed in airtight bags and stored in a cooler 
box until lab analysis. During the study period, precipitation samples 
were collected by an automatic precipitation collector (5020, Qingdao 
Laoying Environmental Technology Co., Ltd, China) at the Puding Karst 
Ecosystem Research Station, which is about 5 km away from the study 
area. The collected rainfall samples were stored at 4 ℃ until lab analysis. 

To investigate the impacts of environmental factors on the spatio
temporal variability in SWSIC, relevant factors were also measured. 
Specifically, the slope at each point was estimated with the Level tool on 
smartphones. Soil depths were measured with a 2-cm diameter iron 
braze at five locations around each sampling point before the field 
campaigns began. The leaf area index (LAI) at each point was measured 
with LAI-2200C (Li-Cor, Lincoln NE, USA) during the peak growing 
season (e.g., August 2020). 

2.3. Lab analysis 

For stable water isotope analysis, soil water was extracted from the 

Fig. 1. Location map and sampling points distribution.  

Table 1 
Information of sampling campaigns.  

No Sampling date 
(mm/dd/yy) 

Time since last large 
precipitation event (with P 
> 10 mm/d) (days) 

Accumulative precipitation 
in two weeks before 
sampling (mm) 

1 3/9/2019 37  9.7 
2 6/4/2019 6  81.3 
3 9/1/2019 18  15.0 
4 12/8/2019 51  19.8 
5 5/13/2020 2  69.1 
6 8/19/2020 1  141.4 
7 12/20/2020 66  12.0  
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collected soil samples by an automatic cryogenic vacuum extraction 
system (LI-2100, LICA United Technology Limited, China). After 
extraction, soil samples were oven-dried at 105 ℃ for 24 h and then 
weighed to calculate the extraction ratio (defined as the weight of 
extracted water divided by the total water loss after oven-drying). To 
minimize the impact of fractionation during soil water extraction, the 
extraction duration and temperature were experimentally pre
determined using local soil samples with varying SWC. In this study, the 
average extraction ratio was over 98.3%, which was similar to previ
ously reported values (Orlowski et al., 2018; Dai et al., 2020). 

Both soil water and precipitation samples were filtered by 0.45 μm 
pore-size cellulose acetate membranes and then analyzed using a Picarro 
L2140-i wavelength-scanned cavity ring-down spectroscopy (WS-CRDS) 
instrument (Picarro Inc., Sunnyvale, CA, USA) at School of Earth System 
Science, Tianjin University. Each sample was measured three times and 
three refence standards (GBW04458, GBW04459, and GBW04460) were 
used for calibration (see details in Han et al. (2020)). The final water 
stable isotopic compositions were reported in per mil (‰) relative to 
Vienna Standard Mean Ocean Water (V-SMOW) as: 

δ18O or δD =

(
Rsample

Rstandard
− 1

)

× 1000 (1)  

where Rsample and Rstandard are the 18O/16O (or D/H) ratio for a measured 
sample and a standard sample, respectively. The precision of the mea
surements is ±0.05‰ for δ18O and ±0.4‰ for δD. 

Gravimetric SWC for each sample was determined in this study. Soil 
samples at each point collected during different field campaigns were 
well mixed and used for analyzing soil properties. A standard sieve- 
pipette method was used to determine soil particle size distributions 
by weight. Specifically, rock fragment content (RFC) and coarse sand 
content were measured by dry sieving. Medium and fine sand, silt, and 
clay contents were determined by a hydrometer method. Considering 
the possible impact of soil organic carbon (SOC) on δD of soil water 
during cryogenic vacuum extraction (Orlowski et al., 2016), as well as 
its influence on soil water storage capacity (Olness and Archer, 2005), 
SOC at each point was also measured with a potassium dichromate 
heating method (Zhang et al., 2012). 

2.4. Data analysis 

2.4.1. Line-conditioned excess 
Compared with analysis of δD or δ18O alone, a dual-isotope approach 

with line-conditioned excess (lc-excess) is able to correct for the effects 
of temporal variability in precipitation isotopic compositions on the 
variability in SWSIC and reveal the processes governing SWSIC spatio
temporal variations (Landwehr and Coplen, 2006). Given that spatial 
variations in precipitation isotopic compositions can be neglected at plot 
scales, lc-excess is particularly suitable for describing the kinetic frac
tionation caused by soil evaporation (Sprenger et al., 2017a; Hasselquist 
et al., 2018). Moreover, although we did not collect throughfall samples 
at each point in this study, Deng et al. (2017) showed that the isotopic 
differences between precipitation and throughfall samples under 
different canopies were very small (<0.33‰ for δ18O), where the study 
area was also located in a karst region in Southwestern China with 
similar vegetation coverage. Therefore, we assume that it is reasonable 
to use lc-excess at our study site. Besides, some recent studies showed 
that lc-excess worked well to track the temporal and spatial variations in 
kinetic fractionations caused by soil evaporation at relatively small 
spatial scales in energy-limited regions (Sprenger et al., 2017a; b). For 
example, with lc-excess, Sprenger et al. (2017a) found the spatial pat
terns of fractionation signals across a small peatland drainage network 
with an area of 0.77 km2, and showed that the corresponding signal was 
imprinted on the stream water. 

Specifically, lc-excess, which describes the deviation of δD values 
from local meteoric water lines (LMWL; Dansgaard, 1964), is defined as: 

lc − excess = δD − a × δ18O − b (2)  

where a and b represent the slope and intercept of the LMWL, respec
tively. Water undergoing kinetic fractionation caused by evaporation 
has a negative lc-excess value in a dual-isotope space (Landwehr et al., 
2014). Following Sprenger et al. (2017a), lc-excess was used here as an 
indication of kinetic fractionation signals, with the LMWL (δD = 8.08 ×
δ18O + 11.17; Fig. 3) derived from 68 rainfall events from April 2019 to 
October 2020. The weighted lc-excess value of precipitation during the 
study period was about 0.4‰ and the uncertainty of lc-excess was 
roughly ±0.8‰, based on the precision of isotope analysis and the slope 
of the LMWL. Given the high collinearity between δ18O and δD values 
both for precipitation and soil water samples (Fig. 1S), only δD and lc- 
excess data were analyzed and both referred to SWSIC in the 
following analysis. 

2.4.2. Statistical analysis 
The TSA method has been widely employed to study SWC dynamics 

across different spatiotemporal scales (Vachaud et al., 1985; Vander
linden et al., 2012), based on the metric of relative difference (RD) of 
SWC: 

RDij =
θij

θj
− 1 (3)  

θj =
1
N
×
∑N

i=1
θij (4)  

where θij is the SWC at location i and time j, and θjis the spatial mean 
SWC at time j, and N is the number of observational locations. With m 
measurements over the study period, the mean relative difference 
(MRD) of SWC (MRDSWC) at location i can be written as: 

MRDSWCi =
1
m
×
∑m

j=1
RDij (5) 

The term MRD is used to describe the wetness condition at a location 
relative to the spatial mean over the study period with positive MRDSWC 
values indicating wetter conditions. The temporal stability of SWC is 
described by the SD of RD (SDRD): 

SDRDSWCi = (
1
m
×
∑m

j=1
(RDij − MRDi)

2
)

1/2 (6) 

Locations with high temporal stability are indicated by low SDRD 
values. Following Zhao et al. (2010), the index of time stability (ITS) was 
used to identify the representative locations: 

ITSSWCi = (MRD2
SWCi + SDRD2

SWCi)
1/2 (7) 

In this study, the TSA method was extended to investigate the 
spatiotemporal characteristics of SWSIC. Note that positive MRD values 
of δD (MRDδD) and lc-excess (MRDlc) indicate that the deuterium is more 
depleted in water samples and water samples experience higher degrees 
of kinetic fractionation than the spatial average, respectively. Finally, 
the metrics of MRD and SDRD were used to investigate the spatiotem
poral characteristics of SWC and SWSIC, and evaluate their influencing 
factors (e.g., soil properties, microtopography, and vegetation). 

The relationship between the spatial mean (θj) and standard devia
tion of SWC (SDθ) is routinely used to understand SWC variability under 
different climatic and wetness conditions for upscaling purposes 
(Famiglietti et al., 2008; Wang et al., 2017). Based on N locations on day 
j, SDθcan be calculated as: 

SDθ(j) =

[
1
N
×
∑N

i=1
(θij − θj)

2

]1/2

(8) 
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By extending this relationship to estimate the spatial patterns of 
SWSIC, we intended to examine whether there would be similar scale 
effects for SWSIC variations. 

3. Results and discussion 

3.1. Overall spatiotemporal variations in SWSIC 

Significant temporal variations in hydrometeorological conditions 
during the study period and spatial variations in point-specific proper
ties were observed at the study site, providing an ideal opportunity to 
investigate spatiotemporal variations in SWSIC and associated influ
encing factors. Daily air temperature and precipitation along with cor
responding δD values displayed clear seasonal variations (Fig. 2). 

Specifically, wet seasons from May to October were characterized by 
higher air temperature and precipitation (~81.4% of the total precipi
tation during the study period). In dry seasons and early wet seasons (e. 
g., May), deuterium was more enriched in precipitation, most likely due 
to different water vapor sources among different seasons (Liu et al., 
2014). Environmental variables (e.g., microtopography, soil properties, 
and LAI) also showed significant spatial variations (Table 2). For 
example, the RFC varied between nil and 22.2%, while the clay content 
ranged from 10.6% to 70.2% at the study site, demonstrating the high 
heterogeneity of land surface conditions in karst regions (Wang et al., 
2019). 

The dual-isotope plot of precipitation and soil water samples is 
shown in Fig. 3. δD values in soil water (− 121.0‰ ~ − 10.5‰) exhibited 
a smaller range than those in precipitation (− 130.7‰ ~ 21.3‰), sug
gesting that soil water was a mixture of different precipitation events 
(Penna et al., 2018; Dai et al., 2020). Most soil water data fell slightly 
below the LMWL, with the slope of the fitted soil evaporation line of 
about 7.73 (Fig. 1S), indicating relatively weaker soil evaporation in the 
study area as compared to that in midlatitudes and arid regions (Gibson 
et al., 2008). However, it does not mean that the effect of soil evapo
ration on SWSIC can be neglected in this study. For example, relatively 
strong soil evaporation was observed on May 13, 2020 with the spatial 
average lc-excess value of − 12.8‰ (Table 3). More importantly, Fig. 3 
provides strong field evidence of significant spatial variations in SWSIC 
at a field scale. As summarized in Table 3, the maximum and minimum 
ranges of δD values for soil water samples were 55.2‰ (December 20, 
2020) and 20.3‰ (June 4, 2019), respectively, while the maximum and 
minimum ranges of lc-excess values were comparatively less with 26.2‰ 
(May 13, 2020) and 8.5‰ (August 19, 2020), respectively. Therefore, 
SWSIC data should be interpreted cautiously when their spatial varia
tions are neglected (Goldsmith et al., 2018a; Penna et al., 2018; Beyer 
and Penna, 2021). 

Fig. 3 and Table 3 show larger varying ranges of δD values of soil 
water in dry seasons (with the average range of 44.5‰; from November 
to April) than in wet seasons (with the average range of 27.6‰; from 
May to October), which could be primarily due to different degrees of 
soil water mixing (Pu et al., 2020). As displayed in Table 3, SWC also 
exhibited greater spatial variability in dry seasons than in wet seasons 
(except on August 19, 2020). In dry seasons, small rainfalls were not able 
to renew all stored water in soils and the large SWC spatial variations led 
to more uneven spatial distributions of δD values. Specifically, soils with 

Fig. 2. Time series of precipitation (P), air temperature (Ta), δD value of P, and soil water content (SWC) during the study period. The error bar of SWC represents its 
standard deviation. The date is in mm/dd/yy in all figures. 

Fig. 3. Dual-isotope plot of precipitation and soil water samples. The inside 
smaller plot is for precipitation samples and the blue line is the fitted Local 
Mean Meteoric Line (LMWL). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Statistics of point-specific environmental variables.   

Soil depth (cm) Slope (◦) RFC (%) Sand (%) Silt (%) Clay (%) SOC (%) LAI 

Max  80.0  47.0  22.2  35.8  55.7  70.2  4.5  4.2 
Min  12.0  1.0  0.0  0.0  22.8  10.6  1.6  1.1 
Average  38.3  11.1  6.9  11.9  40.8  47.3  2.4  2.4 
SD  18.9  8.4  6.1  7.0  8.8  12.5  0.6  0.8 

RFC-rock fragment content; SOC-soil organic carbon; LAI-leaf area index. 
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higher water deficit would be more affected by newly input water, while 
those with lower water deficit would reflect more of the antecedent 
isotopic composition. By comparison, in wet seasons, with sufficient 
precipitation, soil water could be mostly replaced by recent rainfalls 
regardless of the storage capacity at each point (Zhang et al., 2021), 
leaving a relatively uniform δD distribution. Moreover, soil water in wet 
seasons was mostly consumed by root water uptake, which will usually 
not change the isotopic compositions of soil water (Nie et al., 2010; Zhao 
et al., 2018). Thus, the relatively uniform distribution of δD could be 
retained. However, there could also be some exceptions in wet seasons 
when there were extra water sources other than recent precipitation. For 
example, after a total of 141.4 mm precipitation in two weeks before the 
field campaign, a large variation (− 121.0‰ ~ − 75.6‰) in δD of soil 
water was observed on August 19, 2020. This could be attributed to the 
recharge from epikarst (Williams, 2008) for some points with coarser 
soil texture and close to a temporary spring outlet (e.g., point No.67 in 
Fig. 1b). Epikarst water in wet seasons is typically more enriched in 

heavy isotopes than recent precipitation (Perrin et al., 2003; Nie et al., 
2010) and could thus increase the spatial variations in δD value of soil 
water. Overall, our results showed significant spatial variability in 
SWSIC even at field scales, which was temporally dynamic. 

3.2. Temporal stability analysis of SWC and SWSIC 

3.2.1. Characteristics of MRD and SDRD for SWC and SWSIC 
To compare the temporal persistence of SWC and SWSIC spatial 

structures, the Spearman nonparametric test was employed and the 
correlation coefficients (rs) between each pair of sampling campaigns 
are summarized in Table 4. Similar to previous findings in non-karst 
regions (e.g., Wang et al., 2015; Wu et al., 2020), the SWC spatial 
structures at our karst site also exhibited strong temporal persistence, 
with all rs ≥ 0.371 (p < 0.001), while the spatial structures of δD and lc- 
excess were less temporally stable with less than half of rs values at p <
0.05. 

The ranked MRDSWC, MRDδD, and MRDlc with associated SDRD are 
plotted in Fig. 4, revealing differences in those MRD ranges. For 
instance, MRDSWC from − 25.0% to 45.1% was in line with previously 
reported ranges (Vanderlinden et al., 2012), while MRDδD showed a 
smaller range from − 21.4% to 28.8%. By comparison, MRDlc varied 
from − 79.2% to 93.2%, indicating high spatial variability in kinetic 
fractionation signals and underscoring the necessity to examine the 
spatial variability in soil evaporation even at field scales in humid re
gions (Sprenger et al., 2017a). Meanwhile, it should be noted that here 
the variation is a relative value to the spatial average condition and large 
spatial variations in lc-excess does not mean that the overall soil evap
oration is strong. The much smaller varying ranges of MRDδD than MRDlc 
implied that soil evaporation heterogeneity might not be the primary 
reason for spatial variations in δD value of soil water in this study. 
Additionally, combining with the relative smaller isotopic differences 
between throughfall samples under contrasting canopies in a similar 
region (Deng et al., 2017), we supposed that differences in mixing de
grees of water source in soil might be responsible for such variations in 
soil water δD values (Goldsmith et al., 2018a). Besides, compared with 
points with shrubs and grass, points with deciduous trees exhibited 
higher rankings of MRDSWC (wetter conditions) and MRDδD (more 
negative δD values). With sufficient precipitation input, SWC at our 
study site was mainly controlled by soil storage capacities (Lawrence 

Table 3 
Statistics of soil water content (SWC) and soil water stable isotopic compositions 
(δD and lc-excess).  

mm/ 
dd/yy 

3/9/ 
2019 

6/4/ 
2019 

9/1/ 
2019 

12/8/ 
2019 

5/13/ 
2020 

8/19/ 
2020 

12/ 
20/ 
2020  

SWC (%) 
Max 64.1  30.8  40.0  61.2  53.8  74.5  56.9 
Min 19.9  15.7  15.0  27.4  16.8  25.7  18.8 
Average 41.6  22.4  27.0  37.8  28.2  45.3  39.2 
SD 8.3  3.6  5.3  7.3  7.3  8.7  7.6   

δD (‰) 
Max − 10.5  − 15.6  − 52.6  –22.5  − 12.9  − 75.6  − 35.3 
Min − 48.1  − 35.9  − 73.9  − 63.3  − 36.4  − 121.0  − 90.5 
Average − 29.6  –23.9  − 63.1  − 38.9  − 21.8  − 110.8  − 51.1 
SD 8.5  4.0  4.1  10.0  4.8  5.9  8.5   

lc-excess (‰) 
Max 2.7  0.0  − 2.5  4.9  − 0.9  − 0.4  3.5 
Min − 13.0  − 12.4  − 16.4  − 11.3  − 27.1  − 8.9  − 16.0 
Average − 3.1  − 4.8  − 10.6  − 3.0  − 12.8  − 4.1  − 4.6 
SD 3.3  2.8  3.0  3.0  5.4  1.7  3.7  

Table 4 
Spearman’s rank correlation coefficient (rs) between sampling campaigns.   

mm/dd/yy 3/9/2019 6/4/2019 9/1/2019 12/8/2019 5/13/2020 8/19/2020 12/20/2020 

SWC 3/9/2019  1.000  0.583***  0.550***  0.560***  0.672***  0.371***  0.486*** 

6/4/2019   1.000  0.574***  0.739***  0.642***  0.465***  0.535*** 

9/1/2019    1.000  0.610***  0.557***  0.439***  0.495*** 

12/8/2019     1.000  0.704***  0.469***  0.537*** 

5/13/2020      1.000  0.472***  0.552*** 

8/19/2020       1.000  0.449*** 

12/20/2020        1.000  

δD 3/9/2019  1.000  0.372***  0.077  0.371***  − 0.122  − 0.054  0.169 
6/4/2019   1.000  0.254*  0.292**  0.007  0.051  0.294** 

9/1/2019    1.000  0.254*  0.179  0.208  0.362*** 

12/8/2019     1.000  0.030  0.128  0.404*** 

5/13/2020      1.000  0.335**  − 0.151 
8/19/2020       1.000  0.294** 

12/20/2020        1.000  

lc-excess 3/9/2019  1.000  0.434***  0.222*  0.261*  − 0.023  − 0.055  0.155 
6/4/2019   1.000  0.332**  0.224*  0.198  0.148  0.075 
9/1/2019    1.000  0.445***  0.287**  0.385***  0.055 
12/8/2019     1.000  0.135  0.184  0.375*** 

5/13/2020      1.000  0.188  − 0.125 
8/19/2020       1.000  − 0.090 
12/20/2020        1.000  

* p < 0.05; **p < 0.01; ***p < 0.001. 
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and Hornberger, 2007). Therefore, wetter conditions at deciduous-tree 
points could be attributed to higher SOC and clay content (Table 1S; 
Olness and Archer, 2005). The more negative δD values at deciduous- 
tree points might be related to (1) the tree shading effect, which could 
lower soil evaporation intensity and leave less enriched δD values in 
residual soil water (Raz-Yaseef et al., 2010) and/or (2) canopy in
terceptions of small rainfalls with enriched isotopic compositions 
(Fig. 2S; Kato et al., 2013). Moreover, compared to SDRDSWC (averaged 
at 12.8%), SDRDδD (16.6%) and SDRDlc (61.4%) showed less temporal 
stability. Overall, the results revealed the contrasts in the spatiotemporal 
patterns of SWC and SWSIC, the latter of which was temporally more 
dynamic. 

3.2.2. Controls on the spatial variations in SWC and SWSIC 
Given the high correlations between environmental variables 

(Table 2S), partial rank correlation analysis (rpr) was used to evaluate 
their impacts on the spatial variations in SWC, δD, and lc-excess values 
(Table 5). Similar to previous studies (Vereecken et al., 2014), MRDSWC 
at the study points was predominantly influenced by soil properties, e.g., 

positive correlations of MRDSWC with SOC (rpr = 0.663 and p < 0.001) 
and clay content (rpr = 0.287 and p = 0.012). 

As shown in Table 5, MRDδD and MRDlc significantly correlated only 
with RFC, whereas MRDSWC was correlated instead with SOC and clay 
content. The negative correlation between MRDlc and RFC (rpr = -0.226 
and p = 0.050) implied that points with higher RFC experienced less 
degrees of kinetic fractionation. There might be two opposite impacts of 
RFC on soil evaporation: (1) the low specific heat storage capacity of 
rock fragments might lead to the heating of soils and therefore increase 
soil evaporation (Cousin et al., 2003), and (2) the high RFC may increase 
soil hydraulic conductivity and thus reduce the mean residence time of 
soil water and lower its possibility to be evaporated (Wang et al., 2009). 
The negative MRDlc - RFC correlation suggests that the latter effect was 
predominant in this study. Meanwhile, the correlation between MRDδD 
and RFC was also negative (rpr = − 0.257 and p = 0.025), indicating that 
the deuterium of soil water was more enriched at points with higher 
RFC. Since the points with higher RFC were associated with lower LAI 
(Table 2S) and δD values of precipitation were negatively correlated 
with its amount (Fig. 2S), it was speculated that the more enriched 

Fig. 4. Ranked MRD with associated SDRD (vertical bars) of (a) soil water content (SWC), (b) δD, and (c) lc-excess. The dotted frames indicate the identified 
representative points based on corresponding minimal ITS (the index of temporal stability) values. 

Table 5 
Partial rank correlation coefficient (rpr) between environmental variables and the MRD of SWC, δD, and lc-excess.    

Soil depth (cm) Slope (◦) RFC (%) Sand (%) Silt (%) Clay (%) SOC (%) LAI 

rpr MRDSWC  − 0.167  − 0.142  − 0.087  − 0.219  − 0.165  0.287*  0.663***  0.018 
MRDδD  0.083  0.143  ¡0.257*  0.209  0.106  0.177  0.138  − 0.078 
MRDlc  − 0.083  0.13  ¡0.226*  − 0.05  − 0.083  − 0.038  − 0.199  − 0.081  

* p < 0.05; **p < 0.01; ***p < 0.001. 
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deuterium of soil water at the points with high RFC was likely owing to 
the higher throughfall of small precipitation events with enriched 
deuterium (Kato et al., 2013). Monitoring of isotopic compositions of 
input water at finer spatial scales may shed light on a better under
standing of SWSIC spatial patterns in future studies (Goldsmith et al., 
2018a). Some previous studies showed that δD values of soil water could 
be influenced by SOC owing to the dynamic exchange of deuterium 
between organic matter and liquid water during cryogenic extractions 
(Orlowski et al., 2016; Chen et al., 2020); however, no evidence of such 
effect was found in our study with rpr = 0.138 and p = 0.233 for MRDδD 
-SOC relationship. A similar phenomenon was also observed in natural 
field soils (Goldsmith et al., 2018b), showing that the effect of soil 
physiochemical compositions on water isotopic fractionation in complex 
natural soils needs further investigations. 

Although δD and lc-excess exhibited different spatiotemporal char
acteristics from those of SWC as shown above, their most representative 
monitoring point can still be identified based on ITS metrics. Relation
ships between the spatial mean and measured values from each repre
sentative point are displayed in Fig. 5. Generally, good linear 
correlations were found for these three variables with rp ≥ 0.968 (p <
0.001), demonstrating that TSA method could be used to select repre
sentative monitoring points for both SWC and SWSIC. To further 
demonstrate the features of representative points for SWC and SWSIC, 
eight points (~10% of the total 83 points) with lowest ITS values were 
picked for SWC, δD, and lc-excess. It was found that those points for SWC 
(e.g., No. 43, 79, 26, 19, 35, 16, 53, and 34 in Fig. 1b) were located at 
flatter slopes with soil textures close to the spatial mean, which was 
consistent with previous results (e.g., Zhang and Shao, 2013; Dari et al., 
2019). By contrast, the points for δD (No. 47, 38, 49, 58, 52, 57, 75, and 
68 in Fig. 1b) had coarser soil textures. Note that no general charac
teristics could be inferred from the points for lc-excess (e.g., No. 35, 80, 
61, 39, 18, 37, 66, and 75). Clearly, in spite of previous (e.g., Goldsmith 
et al. (2018a)) and our efforts, future investigation is still needed to fully 
understand how environmental controls drive the temporal evolution of 
SWSIC spatial structures. 

3.3. Relationships between the spatial mean and variability in SWC and 
SWSIC 

Relationships between the spatial mean and SD of SWC, δD, and lc- 
excess are compared in Fig. 6. A positive relationship was observed 
for SWC (Fig. 6a), indicating that the spatial variability in SWC 
increased with soil wetness conditions in the study area. This was 
different from the common notion that SWC variability decreases with 
increasing wetness conditions in humid regions (Lawrence and Horn
berger, 2007), which could be due to the large heterogeneity in soil 
properties among the sampling points (Table 2). By comparison, prob
ably owing to the contrasting isotopic compositions of input water in 
different seasons, no clear relationship was found between the spatial 

mean and SD of δD in this study (Fig. 6b). The negative correlation 
between the spatial mean and SD of lc-excess in Fig. 6c demonstrated 
that the corresponding spatial variations increased with mean kinetic 
fractionation signals, which was similar to the result of soil evaporation 
spatial analysis at an energy-limited peatland drainage network 
(Sprenger et al., 2017a). Although this negative correlation was not 
statistically significant (rp = − 0.634 and p = 0.127), it could have 
important implications for understanding the scale effect of soil evap
oration variations and could be helpful in monitoring network design. In 
future studies, more temporally intensive samplings are needed to fully 
capture its spatial patterns. 

Considering that actual evapotranspiration was mainly limited by 
evaporative demands in humid subtropical climate regions (Zhang et al., 
2018), the impact of mean potential evapotranspiration of 14 days 
(PET14) prior to each sampling campaign on the spatial mean and SD of 
lc-excess was analyzed (Fig. 7). Daily potential evapotranspiration was 
calculated by the Penman-Monteith equation (Allen et al., 1998) and 
PET14 was taken as a measure of antecedent potential evaporation, 
which was not partitioned into potential evaporation and transpiration, 
since previous studies showed a linear correlation between evaporation 
and transpiration in subtropical climates (Zhang et al., 2018). Note that 
the impacts of PET7 and PET30 were similar (Fig. 3S) and thus are not 
reported here. Fig. 7 shows that when PET14 was high (e.g., >2 mm/d), 
mean lc-excess decreased with PET14 while its SD increased with PET14, 
suggesting that the variability increased with mean kinetic fractionation 
under relatively higher evaporative demand conditions. The higher 
spatial variability in kinetic fractionation under high evaporative de
mand conditions might be linked to the greater energy availability dif
ferences caused by shading effects of vegetation and exposed bare rocks 
(Raz-Yaseef et al., 2010; Li et al., 2014; Zhao et al., 2015). Interestingly, 
when PET14 was low (e.g., <2 mm/d), there was also a slight decrease of 
mean lc-excess as PET14 decreased, accompanied by increasing spatial 
variations. According to Sprenger et al. (2017b), this could be related to 
the delayed response of lc-excess to the onset of soil evaporation in lower 
evaporative demand conditions. Overall, these results provided valuable 
information for soil evaporation monitoring network design. 

4. Conclusions 

In this study, based on data from extensive field campaigns on a karst 
hillslope, the spatiotemporal characteristics of soil water stable isotopic 
composition (SWSIC) and corresponding controlling factors were 
compared to those of soil water content (SWC). Generally, SWSIC 
showed considerable spatiotemporal variations with more complex 
patterns than SWC. The results of the temporal stability analysis (TSA) 
showed that compared with SWC: (1) δD values exhibited smaller spatial 
variations, while lc-excess values displayed considerably larger ones, 
suggesting that processes other than soil evaporation heterogeneity, 
such as differences in mixing degrees of water source in soil, might be 

Fig. 5. Comparisons between the spatial mean of (a) soil water content (SWC), (b) δD, and (c) lc-excess with corresponding values from the most representative 
point. rp is Pearson’s correlation coefficient. 
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primarily responsible for the spatial variations in δD value of soil water; 
(2) the spatial structures of SWSIC were temporally less stable, reflecting 
the joint effects of complex land surface processes and isotopic compo
sitions of input water on SWSIC dynamics; (3) the spatiotemporal vari
ations in SWSIC were less explained by environmental variables that 
were also contrasted to those of SWC, suggesting that the knowledge 
obtained from SWC spatiotemporal studies might not be directly trans
ferable to understand SWSIC variations; and (4) the TSA method could 
be used to select representative monitoring points for SWSIC. The results 
of this study provided additional insights into understanding the 
spatiotemporal characteristics of SWSIC, which in turn is critical for 
more accurately deciphering relevant ecohydrological processes. 
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