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A B S T R A C T

Soil moisture is one of the restricting factors in a fragile karst ecological environment. However, its spatio-
temporal evolution characteristics in the karst areas of China remain poorly understood. Thus, based on soil
moisture from reanalysis (ERA-Interim product) and ground stations, this study used the Mann-Kendall test, the
Theil-Sen slope estimator, sensitivity analysis and stepwise regression and obtained the following results: 1)
ERA-Interim soil moisture well reflected the interannual change of observational soil moisture at 0–7, 7–28 and
28–100 cm. 2) The reanalysis and station data showed that soil at various depths in the karst areas was
dominated by a drying trend in 1982–2015. 3) Soil moisture in karst areas of southern China was high but
decreased fastest. In the karst areas of northern China, soil moisture was low and declined quickly. Nevertheless,
soil wetting was observed in the central karst areas of Qinghai-Tibet Plateau. 4) Changes of soil moisture
throughout the karst region of China and its subareas were mainly affected by precipitation, followed by tem-
perature. 5) In Qinghai-Tibet Plateau and southern China, soil moisture in karst areas is overall higher than that
in non-karst areas when under low vegetation coverage levels (NDVI ≤ 0.3) of some climate zones, possibly
caused by the centralized allocation of precipitation in karst areas due to exposed rocks. In conclusion, climate,
vegetation, and geological background make the spatiotemporal distributions of soil moisture differ within the
karst region, while the soil drying trend in recent decades and global climate change are not conducive to the
ecological restoration of vulnerable karst areas.

1. Introduction

Soil moisture (SM) is one of the important components of soil that
affects crop growth, vegetation distribution pattern, and soil microbial
activities (Dunn et al., 1985; Moyano et al., 2013; Xia and Shao, 2008).
The migration of soil matter (Stielstra et al., 2015) and the absorption
and decomposition of terrestrial carbon are inseparable from the role of
SM (Green et al., 2019). Besides, SM functions as the link between
surface water and groundwater. The dynamics of SM influence surface
energy allocation, evapotranspiration processes and are important for
research on hydrological processes and climate prediction (Deng, 2020;

Wang, 2018). To date, international research on the spatiotemporal
dynamics of SM has focused on surface soil at a global scale (McColl
et al., 2017a,b; Sheffield and Wood, 2008), particularly under the
condition of global warming (Dai, 2013). Knowledge gaps exist in
China's karst region where SM is a limiting factor in the ecological re-
storation of soil and plant. The shortage of soil water resources ser-
iously impacts the local ecological environment and agricultural pro-
duction (Qin et al., 2015).

Karst is a unique combination of aboveground and underground
geomorphology produced by the water-chemical dissolution of soluble
rocks, such as carbonate rocks, and is generally characterized by barren
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and rocky grounds, caves, and sinkholes (Li, 2018; Parise et al., 2015).
Under the special geological background, karst possesses surface and
underground water systems, which are connected by hydraulic con-
nection as a whole, and with considerable surface water seepage, its
hydrological characteristics are different from these of non-karst areas
(Bailly-Comte et al., 2009). Ecosystem in a typical karst region is
weakly resistant to external disturbances (Bai et al., 2013), particularly
in the karst areas of southwestern China (Tian et al., 2016). In these
areas, soil erosion is severe, soil thin, and vegetation coverage low
(Febles et al., 2009), thereby resulting in a fragile soil environment and
frequent temporary droughts (Deng, 2018; Ge and Wang, 2008). Pre-
vious studies have suggested that SM is a major constraint factor in
karst ecosystems, and the role of SM in facilitating the ecological re-
storation and agricultural industrialization in the karst area has been
investigated (Hartmann et al., 2014). Current research focuses on the
spatial characteristics of SM in karst areas. Chen et al. (2010) studied
the distribution differences of SM under different land use in a karst
slope; Li et al. (2014) revealed the influence of rock exposure on the
spatial distribution of SM; Liu et al. (2017) analyzed the spatial
movement characteristics of SM on the grass slope of a karst peak-
cluster area. However, without comparing with results from non-karst
areas, it is unclear whether SM in karst areas has unique characteristics.
Furthermore, a few studies about the trend of SM change in karst areas
are primarily carried out on the scales of slope and small watershed
(Chen et al., 2010; Fu et al., 2016). The geological-hydrological back-
ground of karst, such as slow soil formation rate and space mismatch
between water and soil, leads to the strong spatial heterogeneity of SM
(Li et al., 2014; McCole and Stern, 2007). Consequently, the conclusions
of these previous studies are uncertain in large-scale karst areas. In
addition, the interannual variation of SM is affected by various factors,
including temperature, precipitation, and vegetation. The effects of
these factors on SM vary under different spatiotemporal circumstances.
Many scholars found that recent rising in global temperature was the
dominant factor causing global soil drying (Dai, 2013; Feng and Fu,
2013), that precipitation controlled the drying trend of SM from 1979
to 2010 in China (Jia et al., 2018), and that vegetation restoration
brought about the decline of SM in the Loess Plateau of China (Su and
Shangguan, 2019). Therefore, it’s necessary to study the effects of cli-
mate and vegetation on SM change in karst areas, promoting water and
soil conservation and ecological restoration.

Here, this paper aims to explore the spatial and temporal char-
acteristics of SM in the karst areas of China in 1982–2015. The concrete
objectives are as follows: 1) evaluate the reliability of SM from re-
analysis product (ERA-Interim) at different depths; 2) reveal the spatial
distributions and change trends of SM in the karst region of China by
using reanalysis and observations data; 3) analyze the effects of the
normalized difference vegetation index (NDVI), precipitation, and
temperature on SM based on sensitivity analysis and stepwise regres-
sion; and 4) discover SM differences between karst and non-karst areas
in China.

2. Data and methods

2.1. Data and preprocessing

SM product from ERA-Interim reanalysis was provided by the
European Center for Medium-Range Weather Forecasts (ECMWF) with
spatial and temporal resolutions of 0.125° and monthly, respectively
(https://www.ecmwf.int/), which has four SM layers (0–7, 7–28,
28–100, and 100–289 cm). The product was previously applied to the
analysis of spatiotemporal changes in SM, hydrometeorology, and nu-
merical simulation (Deng, 2020; Materia, 2014; Xia, 2014). Also, ERA-
Interim reanalysis data included precipitation and temperature data
with the same spatial and temporal resolutions as the SM product. The
observational SM data were obtained from the International Soil
Moisture Network (ISMN), which collects free and high-quality in-situ

SM data worldwide (http://www.ipf.tuwien.ac.at/) (Dorigo et al.,
2011). However, the temporal resolution and time length of observa-
tion stations vary (Deng et al., 2019). GIMMS NDVI3g (1982–2015)
(https://ecocast.arc.nasa.gov/data/pub/gimms/), with spatial and
temporal resolutions of 8 km and 15 days, respectively, was also used in
this study (Yang et al., 2019).

The actual soil thickness in typical karst areas is usually less than
1 m. Therefore, SM product and site-measured data at 0–7, 7–28, and
28–100 cm were used in this study. Temporal resolutions of SM, pre-
cipitation, temperature and NDVI data were converted to the annual
scale, and among them, spatial resolutions of gridded data were inter-
polated to 0.125°. The time coverage for observational SM in China
from ISMN was mostly 1981–1999, 2010–2016, and 2008–2010, with
the monitoring times typically on the 8th, 18th, and 28th of each
month. Thus, stations with observation duration less than 5 years were
deleted to maintain a sufficient sample. The spatial distributions of all
stations applied to evaluate ERA-Interim SM on the annual scale are
shown in Fig. 1. Among them, 37 stations (Fig. S1), including four
stations (BAISE, ZHUMADIA, XUZHOU, JIANPIN) located in karst re-
gion, were selected to analyze the temporal and spatial evolution of SM
in view of their longer observation duration (1981–1999) and more
observational data in vertical profile, with 11 layers, 1 (0–0.05 m), 2
(0.05–0.1 m), 3 (0.1–0.2 m), 4 (0.2–0.3 m), 5 (0.3–0.4 m), 6
(0.4–0.5 m), 7 (0.5–0.6 m), 8 (0.6–0.7 m), 9 (0.7–0.8 m), 10
(0.8–0.9 m), 11 (0.9–1 m). The nearest neighbor interpolation method
was used to spatially match the ERA-Interim SM with the station data
(Deng et al., 2019).

2.2. Study area

The distribution area of karst in China is 3.44 million km2 (in-
cluding the karst buried under nonsoluble rocks), which exceeds 1/3 of
China’s total land area. The exposed carbonate area of China’s total land
area is approximately 907,000 km2, which accounts for approximately
1/7 of China’s total land area. Eight provinces with Guizhou at the
center comprise one of the largest concentrated karst districts in the
world (Song et al., 2016). The thin soil layer and poor soil water re-
tention capacity in karst areas result in a vulnerable soil ecosystem and
low land productivity (Wang et al., 2004). The karst can be divided into
exposed, covered and buried types in terms of rocks' distribution. The
exposed type of China was used in this study (Fig. 1). In the exposed
karst areas, the average annual precipitation and temperature are
24.7–2362.2 mm and −25.2 °C – 24.8 °C, respectively, and the average
elevation is 2887 m. The exposed karst areas of China (K) can be further

Fig. 1. Spatial distributions of karst areas and SM ground stations in China.
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classified into three subareas: the karst of southern China (SK), the karst
of northern China (NK), and the karst of Qinghai-Tibet Plateau (QK)
(Jiang et al., 2011). SK primarily covers the tropical monsoon climate
and the subtropical monsoon climate, which are wet, hot, and rainy
(annual average temperature:> 15 °C; average annual precipita-
tion:> 1000 mm), with typical karst developing. The climate in NK is
dry and cool (average annual precipitation:< 800 mm), with con-
siderable water and heat differences within the area. NK mostly covers
temperate and western dry karst. QK has an average elevation of over
4000 m in an alpine cold region. The geographic environment of the
Qinghai-Tibet Plateau plays an important role in weather and climate
change in the Asian continent, and the plateau is a hotspot for research
on global change (Boos and Kuang, 2010; Dong et al., 2016; Li et al.,
2017).

2.3. Methods

Statistical indicators, correlation coefficient and bias, were used to
evaluate ERA-Interim SM data (Kuriqi, 2016; Muceku et al., 2016). To
reduce the effects of outliers on trend analysis, the Mann-Kendall (MK)
nonparametric trend test and the Theil-Sen nonparametric linear trend
estimator were combined to calculate the variation trends of SM, pre-
cipitation, temperature, and NDVI at the pixel and station scales (Tian
et al., 2017). Unary linear regression was used for the trends of the
aforementioned factors at the average regional scale as well as sensi-
tivity analysis of SM to climate and vegetation (Albano et al., 2019).
Furthermore, stepwise regression was adopted to determine the action
intensity of precipitation, temperature, and NDVI on SM changes. The
critical probability values of the introduced and culling variables were
0.05 and 0.1, respectively. To eliminate dimensional influence, the
input data of stepwise regression at the pixel and regional average
scales were standardized using standard deviation. Then, the standar-
dized regression coefficients were obtained, the magnitude of which
reflected the effect intensity of the corresponding variable on SM
(Zhang et al., 2015). Specific research objectives and methods can be
seen in the technical roadmap (Fig. S2).

3. Results

3.1. Evaluation of the ERA-Interim SM product

The in-situ SM from over 75% of stations (with the correlation
significance level of 0.05) correlated well with the ERA-Interim product
at each soil layer (Fig. 2a). From the surface to the deep layer, the
average correlation coefficients were 0.77, 0.71, and 0.56, indicating
that the ERA-Interim SM product can display the interannual change of
actual SM. However, the correlation of the SM product weakened as

depth increased. Notably, SM of a few stations significantly and nega-
tively correlated with the ERA-Interim SM at 28–100 cm (Fig. 2a). In
Fig. 2b, the deviation values of the ERA-Interim product from the in-situ
observed data decreased as soil depth increased, with average biases of
0.037, 0.009, and −0.006 m3/m3, thereby suggesting that in terms of
magnitude, the ERA-Interim SM overestimated the measured values at
0–7 cm and 7–28 cm and slightly underestimated at 28–100 cm. The
aforementioned findings prove that the ERA-Interim SM product can
well reflect the true state of SM from stations at the annual scale.

3.2. Spatiotemporal dynamics of SM in karst areas

3.2.1. Spatial distribution characteristics
At the multi-year average state, SM in China’s karst areas decreases

from southeast to northwest in space (Fig. 3a–c). Concerning the re-
gional average (Fig. 3d), SM in SK is the highest, followed by that in QK.
SM in NK is the lowest and less than the average SM in the entire karst
region of China. From 0–7 to 28–100 cm, the spatial distribution pat-
terns of SM are similar. But, the average SM of the entire karst region
and its subareas slightly rises as soil depth increases. The in-situ ob-
servational SM shows more detailed characteristics on the vertical soil
profile. The multi-year average SM of most stations, including stations
in the karst area, grows with the increase of soil depth (Fig. 4), in-
dicating that the vertical characteristics of SM from ERA-interim are
consistent with that of the measured data.

3.2.2. Characteristics of change trend
The average SM time series in the karst region and its subareas

decreased in 1982–2015 with some fluctuations, except for SM at deep
depth in QK (Fig. S3). In particular, Table 1 shows that the reduction
trends of the entire karst area, SK, and NK are significant, approxi-
mately −0.327 to −0.157 × 10−3 m3/m3 yr−1. However, R2 values,
the goodness of fit, were below 0.5. SM in QK decreased insignificantly
at 0–7 and 7–28 cm, and increased insignificantly at 28–100 cm. Si-
multaneously, as soil depth increased, the drying rates of SM in the
entire karst region, NK, and QK slowed down. This phenomenon is
probably because shallow SM is most directly affected by external
factors, such as temperature and precipitation. Conversely, the drying
trend of SM in SK accelerated in deeper soil depth.

The pixel-by-pixel SM change rate demonstrates that over 64% of
soil-drying areas exist in the entire karst region at all depths (Fig. 5),
with significant drying (Z value ≤ −1.96) of approximately 35% (Fig.
S4); the soil-drying areas shrink from the surface to the deep soil. Re-
markably, the spatial distribution of SM changes exhibited regional
differences. Soil in over 58% of QK got wetting, mostly located at the
center of QK, and in deeper soil layers, the soil-wetting areas and the
average wetting rate increased slightly, which may be induced by the

Fig. 2. Box plots for correlation coefficient (a) and bias (b) between the ERA-Interim SM product and in-situ SM at different depths. Fig. 2 show the 25th, 50th, and
75th percentiles and the average as well as the scatter and distribution curve. Layer1-3 mean soil depths, 0–7, 7–28 and 28–100 cm, respectively.
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melting of deep frozen soil in the plateau due to the temperature rising.
The regional mean values of SM change rates in Fig. 5d are consistent
with the results presented in Table 1. Most of observational data, pri-
marily in 1981–1999, showed decreasing trends (Fig. 6); also, SM at
different soil depths from stations in karst areas decreased, except
Xuzhou station.

3.3. Sensitivity of SM to climate and vegetation

The regression coefficient of SM and single influencing factor was
regarded as the sensitivity coefficient (Table S1), the average SM in the
karst region of China significantly showed negative sensitivity to the

3
3

Fig. 3. Spatial distributions of the multi-year average SM in the karst areas (a–c) and the regional average SM (d). In Fig. 3, Layer 1–3 represent 0–7, 7–28, and
28–100 cm, respectively.

Fig. 4. Multi-year average SM from stations in China at different soil depths.

Table 1
Linear trends of average SM in the karst region and its subareas from 1982 to
2015. The unit of slope in Table 1 is m3/m3 yr−1.

Region 0–7 cm 7–28 cm 28–100 cm

Slope R2 Slope R2 Slope R2

K −0.253** 0.24 −0.213** 0.21 −0.157* 0.16
SK −0.320** 0.27 −0.323** 0.28 −0.327*** 0.30
NK −0.282** 0.27 −0.226** 0.23 −0.175** 0.20
QK −0.136 0.04 −0.081 0.02 0.016 0.00

*, **, *** indicate significance at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively.
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average NDVI and positive sensitivity to the average annual precipita-
tion in 1982–2015. Sensitivity of SM to vegetation or precipitation
varied in karst subareas. Concretely, the average SM in NK exhibited
the strongest negative sensitivity to vegetation, and the SM at 0–7 cm
decreased by 0.03 m3/m3 every 0.01 increase of NDVI. The average SM
in QK had a weak positive sensitivity to NDVI, and the average SM in SK
performed the weakest sensitivity to precipitation. During the study
period, the average SM in the karst region and its subareas showed
extremely similar negative sensitivity to temperature (−0.005 m3/
m3 °C−1). With soil depth increasing, the sensitivities of the average SM

to climate and vegetation in the karst region and its subareas weakened,
except for the sensitivity of average SM to vegetation in QK. Spatial
distribution for sensitivities of surface SM to climate and vegetation in
Fig. 7 demonstrated that SM in the whole karst region was negatively
sensitive to vegetation, mainly located in SK; however, varying from
results in Table S1, the stronger positive or negative sensitivity was
largely distributed in QK, the alpine karst area. The sensitivity of SM to
precipitation was mainly positive, with it in QK the strongest and SK the
weakest. The sensitivity of SM to temperature was mostly negative and
differ slightly in space. Additionally, with the growth of soil depth, the

Fig. 5. Spatial distributions of SM trends from 1982 to 2015 in the karst region (a–c) and regional average values of SM trends (d). In Fig. 5a–c, D in red and I in green
denote SM decreases and increases, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Theil-Sen slope of SM from stations in China at different depths. Note: the observation period of most stations is in 1981–1999. The gray grid indicates that the
station has data missing for more than one year at the soil depth.
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sensitivity diminished. It may result from the fact that in deeper soil,
the SM is less disturbed by the external climate activities (McColl et al.,
2017a).

4. Discussion

4.1. Spatiotemporal characteristics of SM in karst areas

The reanalysis and observational data demonstrated that the multi-
year average SM of karst areas and non-karst areas had the same
characteristics in the vertical profile (Figs. 5 and 6), that is, with the
increase of depth, the SM generally increased. Differently, the average
values of SM in the karst region and its subareas were higher than those
in non-karst region and its corresponding subareas (Table S3), possibly
caused by excessive coverage of arid areas in non-karst areas. However,
compared with non-karst areas, typical karst areas are characterized by
large ratio of rock to soil, discontinuous soil distribution and strong
spatial heterogeneity due to slow soil formation rate and severe soil
erosion, then influencing the allocation of precipitation, the process of
runoff generation and confluence in karst areas, and the movement and
distribution of SM (Chan, 2012; Zhang et al., 2008). Wang et al. (2016)
proposed that in the karst areas, after the confluence of precipitation,
rock outcrops distributed almost 50% of the runoff to the adjacent soil,
which resulted in high SM between the rock outcrops. Climate is an
important factor affecting SM (Deng et al., 2020) and NDVI can ap-
proximately indicate the land surface coverage and rocky desertifica-
tion (Chen et al., 2019). Hence, to reduce the large divergence of

climate between karst and non-karst regions in China, this study pre-
liminarily compared SM under different vegetation coverage levels of
each climate zone for the karst and non-karst areas in southern China
and Qinghai-Tibet Plateau. According to UNEP (1997), the climate
zones were obtained by dividing aridity index (http://www.cgiar-csi.
org) into five zones (Fig. S1), including HA (Hyper Arid), A (Arid), SA
(Semi-Arid), DSH (Dry sub-humid) and H (Humid). Fig. 8 shows that in
the southern of China, SM in the karst areas under some NDVI levels of
the DSH and H climate zones is overall higher than that in the non-karst
areas, although the results are opposite in the SA; meanwhile, with the
increase of vegetation coverage, the divergence of SM between karst
and non-karst areas decreases. In the Qinghai-Tibet Plateau, the SM in
karst areas with low vegetation coverage levels (NDVI ≤ 0.3) is higher
than that in non-karst areas. With vegetation cover improving to over
0.3, the SM in non-karst areas exceeds that in karst areas. Moreover,
similar findings were also found in deeper SM (7–28 and 28–100 cm)
(Table S4). The above results may result from the redistribution of
rainfall by exposed rocks in karst areas on a macro scale. But, despite
the more detailed division, the areas of the karst and non-karst under
some vegetation classes of the same climate zone in southern China
remain quite different (Table S5), and the relevant results from re-
analysis data require further validation. More importantly, it is critical
to compare SM between karst and non-karst areas by using sufficient
SM stations with long observation time and even distributions.

In terms of change trend, the reanalysis and observational data
show that the average SM of different depths in both the karst and non-
karst regions of China declined (Figs. 5 and 6), which is consistent with

Fig. 7. Spatial distributions (a–c) and statistical analysis (d) of sensitivities of SM at 0–7 cm to NDVI, precipitation, and temperature in karst areas. RC represents
regression coefficient. In Fig. 7a–c, P in red and N in green denote positive and negative sensitivity, respectively. P and T in Fig. 7d represent precipitation and
temperature, respectively, and units of the average regression coefficient for NDVI, precipitation, temperature are m3/m3, 10−4 m3/m3 mm−1 and 10−2 m3/m3 °C−1.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the background that the global and China's SM has been decreasing in
recent years (Dai, 2013; Feng and Fu, 2013; Jia et al., 2018). However,
remarkable differences in SM among karst subareas in China are also
observed. SM of SK is large, but the average SM has reduced fastest in
the past 34 years, with the drying rate slightly increasing in deep soil;
the SM in NK is low, but the soil drying trend is dominant in the area.
During the study period, SM in half of QK raised, and the soil wetting
areas expanded with the increase of soil depth. The above findings can
be supported by the conclusions that SM in the eastern part of China
decreased significantly from 1979 to 2010 (Chen et al., 2016) and that
the remote sensing observation showed the wetting trend in the central
part of the Qinghai-Tibet Plateau (van der Velde et al., 2014). Overall,
as an ecologically fragile (Li et al., 2014; Parise et al., 2009) and sen-
sitive region, karst presents the barren soil with poor water holding
capacity and is easy to form a geological drought (Ni et al., 2009).
Besides, the karst area with abundant precipitation is prone to soil
erosion (Chen et al., 2019), which exacerbates the uneven distributions
of local soil and water resources.

4.2. Causes of SM change under global warming

4.2.1. Changes of climate and vegetation in karst areas
In 1982–2015, the average temperature and NDVI of the karst re-

gion and its subareas exhibited increasing trends (Fig. S3), particularly
in SK. Precipitation in the karst region, SK, and NK decreased, whereas
that in QK experienced an increasing trend. Spatially (Figs. 9 and S4),
vegetation in the karst region was dominated by greening, with the
increasing areas accounting for 80.3% (55.53%, Z value ≥ 1.96). The
greening area in each subarea exceeded 70%, but their greening rates
differed. The average rate of NDVI trends in SK (1.41 × 10−3 yr−1) was

two times that in the entire karst region (0.66 × 10−3 yr−1). For
precipitation, the area ratio of increase to decrease over the karst areas
was approximately 1:1, and the area proportions of significant increase
and decrease were 19.97% and 7.73%, respectively. The areas with
precipitation reduction were mostly distributed in NK as well as the
northwestern and northern parts of SK. Precipitation in NK decreased
the fastest. Precipitation in QK was dominated by increasing, which
mostly occurred in the areas where SM increased. The temperature in
78.19% of the entire karst region significantly raised with an average
temperature change rate of 0.29 × 10−3 °C yr−1 and the discrepancy
between the average temperature change rates in the subareas was
indistinctive.

4.2.2. Effects of NDVI, precipitation, and temperature on SM
Sensitivity analysis revealed that SM in karst areas related to ve-

getation and climate, but the relative importance of precipitation,
temperature, and vegetation to SM changes has not been reflected. In
this regard, combined with the changing trend of each factor, the
stepwise regression results (Table 2) showed that over 70% of the
average SM change in the entire karst region and SK was affected by
precipitation increasing and temperature rising. SM change in all soil
layers of NK was mostly affected by precipitation declining, with the
interpretation degree ranging from 76% to 82%. In QK, 66% of SM
change at 0–7 cm was affected by precipitation and temperature.
However, 68% was mostly affected by precipitation, temperature, and
NDVI at 7–28 cm, with the influence of temperature increasing, and SM
change was primarily affected by precipitation at 28–100 cm. All the
standardized regression coefficients indicate that the average SM in
karst and its subareas is principally influenced by precipitation.

In Fig. 10, the absolute values and the covered space of the stepwise

Fig. 8. Classification of NDVI in China (a), schematic diagram of precipitation distribution to soil by rock outcrops in the karst of southern China (b), and difference
of multi-year average SM at 0–7 cm between karst and non-karst areas in Qinghai-Tibet Plateau and southern China under different NDVI classes of climate zones (c).
In Fig. 8a, I, II, III, IV, V, VI, VII and VIII respectively represent NDVI classes of ≤0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7,> 0.7; In Fig. 8c, T
represents that all NDVI classes are considered in the climate zone; Q and S represent Qinghai-Tibetan Plateau and southern China, respectively, distinguished by the
blue double arrow line. The gray grid indicates no data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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regression coefficients indicate that at the pixel scale, the surface SM in
karst region and its subareas was dominantly affected by precipitation,
followed by temperature. The area proportions of temperature and
precipitation that affected surface SM were the largest in SK, and the
greatest effect of NDVI on SM was distributed in NK. The mean inter-
pretation power R2 of the stepwise regression for SM at 0–7 cm was
0.71, with the interpretation power below 50% primarily distributed in
QK, indicating that SM in QK was also affected by other factors, such as
altitude (Cao et al., 2017) and human activities (Chaturvedi et al.,
2017). In deeper soil (Figs. S5 and 6), the interpretation power of SM
change in the karst region and its subareas diminished, particularly in
QK.

Previous studies have found that temperature is a major contributor
to global soil drying (Cheng and Huang, 2016; Feng and Fu, 2013).
Nonetheless, in this study, the influence of precipitation on SM change
at 0–7, 7–28, 28–100 cm is stronger than that of temperature.

Specifically, the decrease of precipitation is the major cause of soil
drying in the karst region of China, also true in SK. In QK, considerable
differences are observed in the causes of SM change. Fig. 10 shows that
the soil-wetting areas at 0–7 cm in QK are primarily affected by the
increase in precipitation, and temperature warming does not have a
positive effect on SM. The results conform to the finding that soil
wetting in the early summer in the Qinghai-Tibet Plateau is driven by
precipitation growth (Zhang et al., 2017). By contrast, the soil-drying
areas in QK are mostly influenced by the decline in precipitation and
the rising temperature. It may be attributed to global warming resulting
in permafrost melting and soil water infiltration, thereby making the
upper soil dry in the Qinghai-Tibet Plateau (Xue et al., 2009). In NK, the
influence of vegetation on SM has elicited extensive concern, particu-
larly in the Loess Plateau where afforestation caused local SM declining
and forming dry soil layers (Jia et al., 2017); although compared with
other karst subareas, SM of various soil depths in NK showed the most
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Fig. 9. Spatial distributions of the Theil-Sen slope for NDVI, precipitation, and temperature in the karst region (a–c) and the regional mean rates of change (d). In
Fig. 9a–c, D in red and I in green denote decrease and increase, respectively. In Fig. 9d, P and T represent precipitation and temperature, respectively, and units of the
average regression coefficient for NDVI, precipitation, temperature are m3/m3, 10−4 m3/m3 mm−1 and 10−2 m3/m3 °C−1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Stepwise regressions of SM and precipitation, temperature, and NDVI in the karst region and its subareas from 1982 to 2015. Y, P, and T in Table 2 represent soil
moisture, precipitation, and temperature, respectively.

Soil depth K NK SK QK

0–7 cm Y = 0.792P − 0.295T
R2 = 0.78

Y = 0.907P
R2 = 0.82

Y = 0.849P − 0.405T
R2 = 0.84

Y = 0.740P − 0.351T
R2 = 0.66

7–28 cm Y = 0.8P − 0.261T
R2 = 0.77

Y = 0.907P
R2 = 0.82

Y = 0.850P − 0.405T
R2 = 0.84

Y = 0.698P−0.484T + 0.299NDVI
R2 = 0.68

28–100 cm Y = 0.793P − 0.207T
R2 = 0.72

Y = 0.872P
R2 = 0.76

Y = 0.843P − 0.404T
R2 = 0.82

Y = 0.733P
R2 = 0.54
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significant negative sensitivity to NDVI, the soil drying trend was
mainly controlled by precipitation. In summary, SM in the karst region
of China went down under global climate change in 1982–2015, which
is primarily endangered by reduced precipitation. The reduction in SM
can hinder the natural growth of crops, boost the demand for agri-
cultural irrigation, and increase the risk of drought. Therefore, effective
SM management measures are necessary to avoid the risks and harm
caused by soil drying in accordance with the actual situations in the
karst areas of China.

5. Conclusion

SM plays an important role in ecological restoration and agricultural
water resource management in karst areas. Combined the SM from
reanalysis and station data with precipitation, temperature, and NDVI,
this study found that climate, vegetation, and geological background
made the spatiotemporal distributions of SM differ within the karst
region, as follows:

1) ERA-Interim SM product reflected changes of in-situ observed SM
well. However, the correlation weakened as depth increased, and in-
situ SM was overestimated at 0–7 and 7–28 cm and slightly un-
derestimated at 28–100 cm.

2) The trend analysis showed that SM in the entire karst region sig-
nificantly decreased in 1982–2015, with over 64% areas drying at
all soil layers.

3) SM in SK was the highest, but its drying speed was the fastest; SM in
NK was lower than the average level in entire karst region and its
decrease rate was higher than the average rate of the karst region,

indicating that the risk of drought is possibly enhanced in SK and
NK. In QK, the significant decrease of average SM was observed in
the surface soil from 1982 to 2015, although over 58% soil-wetting
area was observed.

4) Under the global change, the trends of SM in the entire karst region
and its subareas were dominated by precipitation, followed by
temperature. The average SM changes in the karst region and SK at
all depths were mainly affected by precipitation increasing and
temperature warming; SM changes in NK were mostly influenced by
precipitation; factors that affected SM change in QK varied at dif-
ferent depths.

5) In southern China, the SM under some vegetation levels of DSH and
H climate zones in karst areas is higher than that in non-karst areas.
In the Qinghai-Tibet Plateau, within a climate zone, the SM at the
lower vegetation coverage levels (NDVI less than 0.3) in karst areas
generally exceeds that in non-karst areas with the results opposite as
the NDVI increases to over 0.3. The findings may be the result that
the rock outcrops in karst areas with low vegetation coverage lead to
the redistribution of precipitation.
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