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Abstract

:

Influenced by the topography, the spatial variation of soil thickness on karst slopes is very large, and accordingly the spatial variation of soil moisture is also large. Therefore, analyzing the spatial heterogeneity of soil moisture on hillslopes is important for maintaining ecosystem stability. Combining geostatistical methods and GIS technology, the spatial variability and distribution pattern of soil moisture and the influencing factors of spatial variation and surface soil moisture (0–7 cm) on a typical karst shrub–grass hillslope were analyzed. The results showed that the mean soil moisture and coefficient of variation (CV) ranged between 25.7–42.6% and 10.3–20.9%, respectively, showing a moderate variation. The soil moisture presented a moderate or strong spatial autocorrelation in the sampling scale. The occurrence of rainfall events can exert a great influence on reducing the spatial heterogeneity of soil moisture. The spatial distribution pattern of soil moisture showed roughly plaque or stripe distribution. When soil moisture was much lower, the patch space fragmentation of soil moisture was higher. The soil moisture was higher in the low and middle parts of the plot. We can conclude that factors such as topography, vegetation, and weather conditions will exert a significant effect on soil moisture spatial variability. Areas with lower slope and higher vegetation coverage were more conducive to the retention of soil moisture.
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1. Introduction


Soil moisture is the link between the soil, vegetation, and atmosphere continuum, and it plays a significant role in controlling water resource allocation, energy conversion, and climate change. It plays a critical role in terrestrial eco-hydrological processes [1,2,3]. Soil moisture is not only the core of the connection and circulation of water systems in the Earth’s critical zones, but it is also an important component of surface water resources [4,5]. Its spatial distribution plays an important part in affecting runoff generation, soil erosion, vegetation cover, and the surface materials redistribution process [6,7].



The karst area in the southwest of China is one of the largest, most concentrated, and most developed karst landforms in the world [8,9]. The karst ecological ecosystems are fragile and have been degraded with shallow soil and a wide range of exposed bedrock [10,11]. Although precipitation in the karst area is abundant [12], however, precipitation in the area tends to infiltrate rapidly due to the unique two-dimensional hydraulic structure resulting from the dissolution of carbonate rocks by water, which leads to a special karst drought phenomenon [13,14,15]. Due to the special habitat conditions in karst areas, soil moisture content is not only the main limiting factor for vegetation growth in karst areas, but it is also the driving force of karst rocky desertification and one of the influential factors of soil loss [16,17].



Due to the importance of soil moisture in karst areas, the spatial heterogeneity of soil moisture under different vegetation types [18], land use types [7,19], climatic conditions [20,21], and other environmental conditions has received much attention [22,23,24]. For instance, Zhang et al. [25] believe that the water holding capacity of soil water in shrub land is stronger than that of grass land on karst hillslopes and that the temporal variation trend of soil water is the same as rainfall. Wang et al. [26] examined the temporal stability of surface soil moisture content on two karst hillslopes in southwest China, finding that the shrub land was wetter than the mixed grass-shrub land. Some scholars have also studied the spatial distribution and influential factors of soil moisture in karst peak clusters. For example, Famiglietti et al. [27] believes that the dominant factors of spatial variability of soil water content gradually transforms from soil heterogeneity to topography and soil-combined action after significant rainfall events. Owing to the rich and varied habitats in karst areas, the soil moisture is highly spatially variable.



Geostatistics is widely applied in the study of soil moisture because it can quantitatively describe the spatial variability of regional variables with the change of distance. Many scholars have adopted geostatistical methods to analyze spatio-temporal variability and influential factors of soil moisture in typical karst regions. For example, Zhang et al. [28] found that a strong spatial dependence of surface soil moisture exists in karst depressions. Rainfall events can effectively reduce the spatial heterogeneity of soil moisture and the variation of soil moisture in the dry season is more sensitive to the previous rainfall than in the wet season. Martinez-Murillo et al. [29] applied geostatistical methods to analyze the response of soil moisture to various environmental factors under different climatic conditions. Yang et al. [30] used different Kriging interpolation methods to evaluate and compare the spatial distribution of soil moisture based on topographical factors.



Although spatial heterogeneity of soil moisture has received much attention as an important landscape type in karst areas, the spatial heterogeneity of soil moisture on mixed shrub and shrub–grass hillslopes has received less attention, especially when combined with geostatistical methods and sample plot scale perspectives. Therefore, the purpose of this work is to reveal the spatio-temporal heterogeneity and spatial distribution of soil moisture on a karst shrub–grass hillslope. The geostatistics method was applied and a karst shrub–grass hillslope in the Huaxi District of Guizhou Province was selected as a case study. This work is not definitive but is a kind of exploratory study.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Doupengshan small watershed of Huaxi District, Guizhou Province (106°27′ E–106°52′ E, 26°11′ N–26°34′ N). The elevation range of this watershed is 1140–1240 m above sea level, and the average elevation reaches 1200 m. The landforms of the small watershed are mainly peak cluster depressions with broken terrain and a high degree of karst rocky desertification. Bedrock is composed of limestone and the soil type is predominantly Rendzic Leptosols with small soil thicknesses, between 10 and 30 cm. This area has a plateau monsoon humid climate where rainfall is abundant, but the spatio-temporal distribution differences of rainfall are evident. Specifically, the average annual temperature is 14.9 °C, the maximum temperature is 35.1 °C, the minimum annual temperature is −7.3 °C, and the annual rainfall is 1178.3 mm. The main vegetation types include trees, such as Pinus massoniana (Pinus massoniana Lamb), German oak (Quercus acutissima Carruth), Cinnamomum glanduliferum (Cinnamomum glanduliferum (Wall.) Nees), and Chinese sweet gum (Liquidambar formosana Hance), as well as shrubs and barren hills.




2.2. Sampling Point Layout


Considering the topographical features and vegetation distribution of the hillslope, a mixed shrub–grass hillslope (50 m × 50 m) was chosen for plot measuring in this area. Based on a grid sampling scheme measuring (5 m × 5 m), a total of 100 sampling quadrats were established. The soil moisture of the surface layer (0–7 cm) was determined by a Time Domain Reflectometer (TDR). The soil layer is shallow in karst areas, and the surface soil moisture is important to maintaining the stability of the karst ecosystem. Therefore, we selected the topsoil layer for sampling (0–7 cm). The measurement range of TDR ranges from 0 to 100%, the accuracy is ±2%, the response time is ≤2 s, and the working environment is −40–80 °C. The probe length is 7.5 cm, and for each measurement we removed any undecomposed litter from the surface and then inserted the probe vertically into the ground. Before the first measurement, 20 soil samples were taken from the sample plots and dried and weighed; then we converted the mass water content obtained by weighing the volume water content. Meanwhile, the soil moisture was measured with the TDR probe at the same location. The soil moisture results obtained from the drying and weighing were used to calibrate the TDR probe. The soil moisture was determined three times, and the mean soil moisture was taken as the soil moisture of the sample. The three measurement points were distributed at the midpoint of the diagonal of a 5 m × 5 m grid square and at one-quarter of the length of the diagonal. If there was bare rock on one diagonal measurement point, the measurement was switched to the other diagonal. If bare rock could not be avoided on both diagonals, the location of the measurement point was shifted appropriately. The biggest challenge in the measurement process was that soil with a lot of bare bedrock or gravel was often encountered, resulting in inaccurate measurements. Therefore, measurements should be taken at the point where soil properties are relatively uniform through appropriately shifting the position. Measurements were conducted a total of 9 times between 1 April 2018 and 17 June 2018. This period was chosen because April to June is the period of transition from spring to summer in this region. This period has both light and heavy rainfall intensities. It can represent different soil moisture conditions. The nine measurement dates were chosen based on the fact that the nine measurements were spread as evenly as possible over the study period. On this basis, we tried to choose a few dates when it was not raining on that day. However, since this period is the rainy season, it was still difficult to avoid the presence of rainfall on some dates. The rainfall statistics were measured by an automatic meteorological station. The geographical location information of the sampling points was recorded by portable GPS. The distribution of sampling points is shown in Figure 1.



The lower part of the selected slope grows densely with grass, the terrain is relatively flat, and the soil layer is much thicker. In the middle part of the plot, the soil is loose in texture with more gravel and the slope becomes steeper. The vegetation types are shrubs, herbs, and ferns. There is a platform in the upper part of the slope; the slope becomes gentle and thicker shrubs grow. The vegetation at the top of the plot is sparse, mainly growing vines and herbaceous plants, and the soil is loose in texture and the soil layer is shallow.




2.3. Data Analysis


Descriptive statistics and single-sample Kolmogorov–Smilov (KS) tests were conducted with SPSS 23 software [31]. Spatial autocorrelation analysis, omnidirectional experimental semivariogram calculation, and model fitting were achieved by the geostatistical software GS 9.0 [32], and ordinary Kriging interpolation was finished in Arcgis10.2 [33]. The geostatistical analysis method is described briefly as follows.



(1) Spatial autocorrelation analysis can be used to test whether the spatial variable has a spatial dependency. This work analyzes spatial autocorrelation of soil moisture by Moran’s I coefficient. The formula is as follows:


  I =   n     ∑   i = 1  n      ∑   j = 1  n     w  i j    (     x  i     −  x ¯     )   (   x j  −  x ¯   )     [      ∑   i = 1  n      ∑   j = 1  n     w  i j      ]    ∑   i = 1  n       (   x i  −  x ¯   )   2       



(1)




where xi and xj are the values of the variable x at the adjacent pairing space points i and j, respectively. Wij is the adjacent weight, and n is the total number of spatial units.



(2) The omnidirectional experimental semivariogram is a unique function that reflects the randomness and structure of the peculiar variable. The omnidirectional experimental semivariogram is generally considered to be meaningful within 1/2 of the maximum interval [34]. The formula is as follows:


  γ ( h ) =  1  2 N ( h )     ∑   i = 1   N ( h )      [  Z (  x i  ) − Z (  x i  + h )  ]   2   



(2)




where γ(h) is the semivariogram, h is the separation distance, N(h) is the number of pairs of points with the distance of vector h, Z(xi) is the value of the regionalized variable Z at xi, and Z(xi + h) is the value of the variable at a given lagged distance interval of xi + h.



(3) The models with the smallest root mean square error (RMSE) and the largest R2 are optimal models for omnidirectional experimental semivariograms. We tried to fit with the same model, but it is difficult to achieve the desired results with the same model for different sampling dates. Therefore, we chose the optimal model for each of the sampling dates, and there are three models: an exponential model (Equation (3)), a spherical model (Equation (4)) and a Gaussian model (Equation (5)) in this work [35,36,37]. The formulas are as follows:


  γ  ( h )  =  C 0  + C  (  1 −  e  −  h a     )       



(3)
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  γ  ( h )  =  C 0  + C  (  1 −  e  −    h 2     a 2       )       



(5)




where C0 is the nugget variance, C0 + C is the total sill, C is the partial sill, h is the lagged distance, and a is the range (correlation length). For the spherical and Gaussian models, the range and effective range coincide; this is not the case for the exponential model, where the range is 1/3 of the effective range. For the spherical and Gaussian models, the effective range is the distance at which the sill is approached, but for the exponential variogram the effective range is the distance at which the exponential variogram approaches 95% of the sill.



In this study, Moran’s I coefficient is mainly used to analyze the spatial autocorrelation degree of soil moisture. The omnidirectional experimental semivariogram is used to analyze the spatial variability of soil moisture, which mainly reflects the spatial stochasticity and structure. Although the above two indexes have some similarities, the focus is different.





3. Results


3.1. Statistical Characteristics of Soil Moisture


During the sampling period, the mean soil moisture (0–7 cm) on the hillslope ranged from 25.67% to 42.60%, and the maximum and minimum ranged between 38.17–58.37% and 11.50–24.80%, respectively (Table 1). The precipitation situation during the period is shown in Figure 2. After the rain, the soil moisture was significantly higher than when rainfall had not happened. The rainfall and mean soil moisture were significantly correlated (p < 0.01) and the correlation coefficient was 0.83. The coefficient of variation (CV) of soil moisture among the sample points ranged from 10.31% to 20.91%. The CV was larger on 21 April and 17 June, and it was the smallest on 27 May. Before conducting the geostatistical analysis, the data were subjected to the single-sample Kolmogorov–Smilov test with SPSS 23 software. The results showed that except for the sampling data that exhibited approximately normal distribution on 14 April, the other samples were in normal distribution at the level of 0.05. Therefore, we did not transform the data before performing the geostatistical analysis.




3.2. Spatial Autocorrelation Analysis of Soil Moisture


We calculated the Moran’s I coefficients at different distances. The distances were used as the x-axis and the Moran’s I coefficients as the y-axis (Figure 3), thus reflecting the variation of the spatial autocorrelation degree with distance. In the other eight measurements except for 27 May, Moran’s I coefficients were significant with p > 5% and Z-values greater than |1.96| [38,39]. However, the Moran’s I coefficient on 27 May was insignificant. As shown in Figure 3, all eight measurements exhibit similar characteristics, except for 27 May. That is, the Moran’s I coefficients gradually decrease from positive values as the distance increases and begin to converge to 0.0 at about 15 m, indicating that the soil moisture had a certain spatial structure and dependence overall. However, on 27 May, the Moran’s I coefficient of soil moisture changed greatly. The Moran’s I coefficient was positive in the range of 0–15 m and 24–32 m. There is a spatial negative correlation in the range of 15–24 m and 32–36 m.




3.3. Spatial Variability of Soil Moisture


We selected the best-fit models with GS + 9.0 software and used these models for spatial interpolation. The characteristic parameters are shown in Table 2. During the fitting, we performed a comparison of different models and selected the most closely fitting of the exponential, spherical, and Gaussian models. The determination coefficient (R2) and RMSE were between 0.69–0.99 and 2.04–55.9, respectively. This indicates that the fitting models can reflect the spatial structure characteristics of soil moisture realistically. During the sampling period, the nugget and sill fluctuated between 0.1–19.6 and 13.16–65.5, respectively, and the largest nugget value appeared on 9 May. The range was between 12.96 m and 25.5 m and the maximum was approximately twice the minimum. It can be seen from Figure 4 that the omnidirectional experimental semivariogram on 21 April and 20 May performed a downward trend after reaching the sill, and the remaining omnidirectional experimental semivariogram of each sample tended to be stable after reaching the sill.




3.4. Changes of Soil Moisture Omnidirectional Experimental Semivariogram Parameters


The variation of omnidirectional experimental semivariogram parameters is shown in Figure 5. The variation trend of soil moisture was identical with that of rainfall. The change of the nugget was roughly opposite to the soil moisture and rainfall in the beginning and end, and the variation trend of the nugget was identical with the soil moisture and rainfall at the middle period. Except for 9 May, the relationship between the nugget and previous rainfall reflected that the smaller nugget corresponded to much rainfall. The fluctuation of the sill was opposite to that of the soil moisture and previous rainfall in the end. The sampling process had undergone two cycles from wetting to drought. It was observed that the sill showed a decreasing-increasing-decreasing-increasing trend. It can be concluded that the spatial heterogeneity of soil moisture reduced effectively after rainfall events. The trend of the range of the sampling dates during the study period was approximately the same as the sill and roughly opposed to the variation trend of the C0/(C0 + C).




3.5. Spatial Distribution Pattern of Soil Moisture


The spatial distribution of soil moisture was obtained by ordinary Kriging interpolation with Arcgis10.2, using the variogram model estimated before. The model parameters are shown in Table 2. It can be seen from Figure 6 that the spatial distribution pattern of the soil moisture was roughly plaque- or strip-like and higher soil moisture was distributed in the lower right and middle parts of the slope during the sampling period. The pattern of spatial distribution of soil moisture was not consistent across dates. On 1 April, 21 April, and 9 May, the spatial pattern of soil moisture exhibited a striped pattern. The other dates showed mainly plaque patterns. In addition, the location of the high and low soil moisture zones did not exactly coincide at different dates.





4. Discussion


4.1. Spatial Autocorrelation of Soil Moisture


In this study, auto-correlation coefficients gradually decreased from positive values as the distance increased and began to converge to 0.0 at about 15 m. The variation trend of the auto-correlation coefficient in this work was inconsistent with previous conclusions regarding karst depressions [40]. The research concluded that the auto-correlation coefficient of soil moisture in karst depressions showed a significant positive correlation within smaller lag distance, and it increased in a negative direction with the growth of the lag distance, finally reaching a significant negative correlation. The reason was that the terrain fluctuation in the central part of the karst depression was small and soybeans were interplanted with potatoes in the plot. The topographic factors and climatic conditions were the main factors that affected the spatial distribution of soil moisture in this research. However, our work was carried out on a karst shrub–grass hillslope. The degree of topographic fluctuation was larger and some differences existed in vegetation distribution at different locations on the hillslope. The existence of soil, gravel, and bare rock made the spatial correlation of soil moisture at different positions along the slope different. Compared with other sampling dates, the spatial auto-correlation coefficient of soil moisture on 27 May was smaller. Since there was significant rainfall on that day, the sampling time was close to the end of the rainfall. Thus, the spatial autocorrelation pattern of soil moisture was disturbed by the rainfall.




4.2. Spatial Distribution of Soil Moisture


The complexity of environmental factors such as vegetation, topography, and bare rock led to a discontinuous distribution pattern of soil moisture and fragmentation characteristics of habitats. Yang et al. [23] indicated that the spatial distribution of soil moisture in karst areas is closely related to vegetation, soil properties, and environmental factors. In the study, the spatial distribution pattern of soil moisture in each sampling was different during the sampling period. It can be speculated that the spatial distribution of soil moisture was determined by the combination of topography, vegetation, climate, and other factors. The area with a gentle slope and higher vegetation coverage was more conducive to the retention of soil moisture. This conclusion is inconsistent with relevant research on karst slopes [26]; in this study, soil thickness and gravel content were the main influencing factors on the spatial distribution of soil moisture. The reason was that two slopes of shrub and grass, respectively, were selected for the plot in his study. The distribution of vegetation in the plots was relatively homogeneous. However, the selected plot was a mixed shrub–grass hillslope in this paper. The distribution of vegetation in the plot was more chaotic, and the difference of vegetation distribution on the slope resulted in a different distribution pattern of soil moisture along the slope.




4.3. Comparative Analysis of Soil Moisture


In this work, the spatial variability of soil moisture on the surface of a shrub–grass slope in the karst region was analyzed. The results show that the spatial distribution pattern of soil moisture was affected by the combined effects of gravel exposure, topography, and vegetation. The gentle slope with high vegetation coverage was more conducive to retaining soil moisture. Although many studies have also analyzed the spatial heterogeneity characteristics of soil moisture using statistical methods, such studies have been mostly conducted in non-karstic areas [30,41,42]. Other studies have carried out studies on the spatial heterogeneity of soil moisture in karstic areas, but these studies have mostly used traditional statistical methods [29,43,44] and have not analyzed soil moisture spatial heterogeneity from a geostatistical point of view, especially for mixed shrub and shrub–grass sample plots scales.



In summary, the shrub–grass slope is a common vegetation type seen after restoration of rocky desertification land, and it is important for soil water retention for ecological construction in karst areas. Therefore, the progress of returning farmland to forests and grassland should be vigorously promoted in ecological restoration and soil and water conservation work in the future in karst regions. Some drought-tolerant tree species should be planted to enhance the holding capacity of soil water, and steep slopes should be avoided in agricultural production. Although the spatial variability analysis of soil moisture was carried out on a small scale which does not have universal significance, it still can provide some references for agricultural production and ecological restoration in karst regions.





5. Conclusions


Field sampling and geostatistic methods were combined to analyze spatio-temporal variability and spatial distribution patterns of soil moisture on a shrub–grass hillslope in the karst region. During the sampling period, the results showed that mean soil moisture ranged from 25.67% to 42.60%. The soil moisture was significantly positively correlated with the previous rainfall. When soil moisture was higher, the coefficient of variation was lower. The rainfall could effectively reduce the spatial heterogeneity of soil moisture for a period. Due to the comprehensive effects of topography, vegetation, and climate, some differences existed in the variation trend of the spatial correlation coefficient during the sampling period, but there was still a certain spatial dependence and structure overall. Soil moisture exhibited moderate or strong spatial correlation. The variation trend of the range was basically identical with the sill and roughly opposite to C0/C0 + C. The distribution pattern of soil moisture on the slope looked like plaque or strip. The lower the soil moisture was distributed, the higher the degree of plaque fragmentation and the poorer the spatial continuity. Generally, soil moisture was higher in the lower and middle parts of the plot, and the areas with gentle slopes and higher vegetation coverage contributed to reserve soil moisture.
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Figure 1. Image of study area location and sampling points distribution. 
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Figure 2. Daily rainfall distribution and soil moisture during sampling period. 
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Figure 3. Spatial autocorrelation analysis of soil moisture. 
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Figure 4. The variation trend of soil moisture omnidirectional experimental semivariogram function. 
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Figure 5. The variation trend of omnidirectional experimental semivariogram parameters during sampling period. 
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Figure 6. Spatial distribution pattern of soil moisture. 
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Table 1. Descriptive statistics of soil moisture in each sample.






Table 1. Descriptive statistics of soil moisture in each sample.





	Sampling Date
	Rainfall during 3 Days (mm)
	Max

(%)
	Min

(%)
	Mean

(%)
	SD(%)
	CV(%)
	Skew
	Kurtosis
	Distribution Type





	1 April
	34.54
	56.80
	22
	42.60
	8.23
	19.32
	−0.42
	−0.29
	N



	14 April
	0.25
	47.07
	20.87
	29.87
	5.88
	19.69
	0.81
	0.40
	S



	21 April
	0
	38.17
	11.63
	25.67
	5.37
	20.91
	−0.33
	−0.02
	N



	28 April
	6.10
	52.2
	17.50
	35.15
	6.72
	17.35
	−0.07
	0.57
	N



	9 May
	29.72
	58.37
	24.80
	41.03
	7.24
	17.65
	0.15
	−0.36
	N



	16 May
	0.51
	48.37
	20.27
	32.82
	5
	15.23
	−0.01
	0.23
	N



	20 May
	19.8
	49.07
	21.83
	35.81
	4.93
	13.77
	−0.16
	0.27
	N



	27 May
	8.38
	47.40
	20.70
	35.98
	3.71
	10.31
	−0.26
	2.57
	N



	17 June
	0
	53.07
	11.50
	35.63
	7.41
	20.78
	−0.41
	0.72
	N







Note: The character “N” stands for normal distribution, and “S” stands for approximately normal distribution.
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Table 2. Characteristic parameters of omnidirectional experimental semivariogram function of soil moisture.
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	Sampling Date
	Nugget C0
	Total Sill C0 + C
	C0/(C0 + C)
	Range (m)
	R2
	Residual
	Models





	1 April
	0.1
	65.5
	0.01
	25.5
	0.94
	55.9
	Exponential



	14 April
	4
	36.43
	0.11
	16.89
	0.91
	8.41
	Exponential



	21 April
	5.23
	29.13
	0.18
	16.42
	0.87
	16.6
	Spherical



	28 April
	0.5
	43.24
	0.01
	20.07
	0.89
	26.6
	Exponential



	9 May
	19.6
	52.31
	0.38
	16.87
	0.99
	3.77
	Gaussian



	16 May
	5.28
	26.21
	0.20
	16.22
	0.98
	2.04
	Spherical



	20 May
	1.1
	25.6
	0.04
	15.65
	0.80
	25
	Spherical



	27 May
	1
	13.16
	0.08
	12.96
	0.69
	2.95
	Exponential



	17 June
	3.6
	54.04
	0.07
	15.76
	0.97
	15.8
	Spherical
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