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Abstract

:

For different vegetation types, soil moisture content shows varying characteristics in different seasons and under different precipitation conditions. However, these characteristics have not been extensively analyzed in karst regions of southwest China. In this study, the soil moisture content of four plots of bare land, grassland, shrubland, and forestland was monitored, and the soil moisture content and corresponding meteorological data for each plot were analyzed. The results indicate that the average soil moisture content in grassland was the highest with weak temporal variation and that in bare, shrub, and forest lands soil moisture content was low with moderate temporal variation. The average soil moisture content in bare, grass, and forest lands was higher in the rainy season than in the dry season, whereas in shrubland, the soil moisture content was higher in the dry season than in the rainy season. Increase in soil moisture content during each precipitation event correlated with the rainfall amount. With increasing rainfall amount, soil moisture content in forest and shrub lands increased more than in bare and grass lands. The peak soil moisture time in each vegetation type plot varied and the peak soil moisture time was related to soil moisture content before a rainfall event. Temperature showed a strong negative correlation with soil moisture content for all vegetation cover types in both the dry and rainy season. Wind speed also showed a strong negative correlation with soil moisture content for all vegetation types during the dry season. Relative humidity had a strong positive correlation with soil moisture content in bare, shrub, and forest lands during the dry season as well as in the four vegetation types during the rainy season. These results demonstrate the variations in soil water characteristics across different vegetation types in karst regions of southwest China.
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1. Introduction


Soil water is not only one of the main factors influencing hydrological and soil erosion processes, vegetation growth, and restoration, but also circulates material in the soil system, which has an important influence on regional microclimates [1,2]. The environmental factors that affect soil moisture content mainly include rainfall, land use, vegetation cover, topography, physical and chemical properties of soil, and soil thickness [3,4,5,6]. As an important environmental factor, vegetation cover effectively intercepts, blocks, and consumes rainfall [7]. Furthermore, vegetation cover indirectly affects the soil moisture content by influencing other environmental factors such as temperature, wind speed, and the physical and chemical properties of the soil. Numerous studies have shown that, with exposure to different vegetation cover or land use conditions, changes in soil moisture content have varying characteristics [7,8,9].



Due to a wide distribution of carbonate rocks, which have strong dissolution kinetics, karst areas are common geological features that are characterized by unique water cycle processes [10]. Affected by factors such as complex topography, shallow and discontinuous soil layers, and lack of surface water, the soil properties, vegetation type, and growth conditions, karst areas are different from non-karst areas [11,12]. With exposure to different vegetation cover conditions, soil moisture in karst areas is different from other areas. In addition, due to serious surface water leakage in karst areas and difficulties associated with the use of groundwater resources, soil water is an important water resource in southwest China [13,14,15]. Therefore, studying the relationship between soil moisture and vegetation cover types in karst areas is critical for hydrological processes, prevention of rocky desertification, and vegetation restoration in these areas [16,17].



At present, studies on soil moisture conditions under different vegetation cover types have focused more on non-karst areas [4,18]. These studies mainly analyze semi-arid or arid regions, such as the Loess Plateau in China, with extremely few studies analyzing karst areas [7,8,9,19,20,21]. Research on the factors that affect soil moisture in karst areas mainly involves topography, lithology, land use, and vegetation type. For example, Xie et al. [5] studied changes in the physical properties, available water content, water holding capacity, and water supply capacity of soil during successions of agricultural land, abandoned farmland, shrubland, sparse forest, and secondary forest vegetation. Li et al. [17] compared soil moisture in different directions around the rocks in typical rocky karst desertification areas, studying the effects of rock volume and shape on soil moisture. Fu et al. [22] studied changes in soil moisture with altitude and topography in a small karst catchment. Studies on the effects of vegetation types on soil water in karst areas have mainly focused on profile characteristics and spatial patterns in soil moisture [16,23,24,25,26]. For example, Li et al. [23] studied soil moisture profile characteristics in farmland and grassland in typical karst peak clusters. Li et al. [25] used soil moisture and meteorological data at different time scales, i.e., 1–64 days, to analyze soil moisture time series correlations between arbor forest, grass, and agricultural lands as well as soil moisture time series correlations with different soil depths. Chen et al. [26] analyzed temporal soil moisture dynamics at depths 0–10 cm and the relationships between the mean and coefficient of variation of moisture under different land uses at karst hill slopes. These studies have advanced the understanding of soil moisture content distributions in horizontal and vertical directions in karst areas. However, these studies do not reflect changes in soil moisture content across fine time scales and variations in soil moisture content during individual rainfall events. Therefore, temporal variations in soil moisture content under different vegetation cover types in karst areas still pose a number of worthy scientific questions.



We hypothesize that the effect of specific vegetation types on soil moisture characteristics is different due to the vegetation type-specific effect on soil water circulation. We hypothesized that the impact of a specific vegetation type can be assessed by investigating the variation of soil moisture content due to the response to main meteorological factors. The purpose of this study is to understand the characteristics of soil moisture content over time under different vegetation cover types in karst areas. In this study, there are four vegetation cover type plots, i.e., bare land, grassland, shrubland, and forestland in karst areas of southwest China. Soil moisture content was monitored from February to March (dry season) and July to August (rainy season) at hourly scales. The time series of soil moisture data was not enough, such that this work was a preliminary study. The differences in soil moisture content under the different vegetation cover types during the study period (rainy and dry season) were analyzed and compared, taking into account the effect of meteorological factors, such as temperature, wind speed, and relative humidity. This study will enable improvements in our understanding of hydrological processes in karst areas based on apparent vegetation restoration in karst areas of southwest China.




2. Materials and Methods


2.1. Study Area


The plots analyzed in this study are located in the Huaxi District of Guiyang City (106°37′ E, 26°23′ N). This area is approximately 1200 m above sea level and is dominated by mountains and hills (Figure 1). Triassic limestone is widely distributed throughout this area, which is characterized by shallow soil layers (several tens of centimeters). The region has a subtropical monsoon climate with an average annual temperature of 14.9 °C, a maximum temperature of 35.1 °C, a minimum annual temperature of −7.3 °C, and an annual rainfall of 1178.3 mm [27]. Precipitation mainly occurs in summer, with annual evaporation at 738 mm and heavy vegetation coverage. According to relevant research, average annual potential evapotranspiration in Guizhou province is about 844.32 mm [28]. 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. Bedrock is composed of limestone and the soil type is predominantly Rendzic Leptosols with small soil thicknesses, between 10 and 30 cm. Although rainfall is abundant, Guizhou still lacks surface water resources due to large amounts of underground leakage. Destructive human activities, such as logging and farming, result in the distributions of secondary forests, shrubs, and grasses.




2.2. Experimental Plot Setting and Data Acquisition


In this study, a total of four plots was implemented, i.e., bare land, grassland, shrubland, and forestland. Soil type in plots was Rendzic Leptosols. The size of every plot was 10 m × 10 m. To ensure similarity of other environment factors such as slope and aspect of ground among these plots to eliminate influence of these factors, these four plots were set on the same slope and closed to each other (distance between each plots was about 15 m). The thickness of soil layer in these plots was about 20–30 cm. These plots were set on the same hill slope. The slope of plots in bare land, grassland, shrubland, and forestland were 30°, 30°, 10°, and 15° respectively. Runoff generated when there was a large rainfall.



These plots have been changed from farmland to woodland 10 years ago. All vegetation in these plots was grown naturally to various secondary vegetation. To compare characteristics of soil moisture between “bare land” and ground covered by vegetation, one of the plots was wiped out to become a “bare land”. The monitor of soil moisture began half year after the wiping out of grass. The height of vegetation in grassland, shrubland, and forestland were 0.4 m, 2.2 m, and 23 m respectively. The depth of roots in grassland was about 15 cm. The depth of roots in shrubland and forestland were more than 20 cm and deeper than soil layer. The vegetation coverage in grassland, shrubland, and forestland was 55%, 75%, and 95%, respectively. Vegetation species in grassland mainly included fernbrake (Pteridium aquilinum (L.) Kuhn. var. latiusculum (Desv.) Underw. ex Heller), hispid arthraxon (Arthraxon hispidus (Thunb.) Makino), and Ficus tikoua (Ficus tikoua Bur.). Vegetation species in shrubland mainly included Chinese Silvergrass (Miscanthus sinensis.), cinnamon (Cinnamomum cassia Presl), holly (Ilex chinensis Sims), and hackberry (Celtis sinensis Pers.). Vegetation species in forestland mainly included Pinus massoniana (Pinus massoniana Lamb), German oak (Quercus acutissima Carruth), Common Nandina (Nandina domestica), and Ampelopsis sinica (Ampelopsis sinica (Mig.) W.T.Wang.).



Volumetric soil moisture content was measured with time domain reflector (TDR) probes (soil moisture smart sensor (S-SMx-M005), onset computer corporation, Bourne, MA, USA) with a measurement accuracy of ±3 vol % and an operating temperature range from −40 °C to 85 °C. The probe-connected data collectors continuously and automatically recorded data. Three sample points were randomly selected in each plot. The probes, installed in July 2017, were placed 15 and 20 cm below the surface. Meteorological data, such as rainfall, temperature, relative humidity, and wind speed, were recorded using an automatic weather station, which was installed approximately 50–100 m away from the sample sites. The collection frequency of the soil moisture content and meteorological data was set to one-hour intervals. The bulk soil density, saturated water content, saturated hydraulic conductivity, and field water holding capacity were measured using the ring knife method with a sampling depth of 15–20 cm. Soil sample was sieved <2 mm and the particle size distribution of the sieved soil sample was measured using the hydrometer method (Table 1).




2.3. Data Collation and Classification


Soil moisture content was monitored in February and March (dry season) and July and August (rainy season) of 2018. The average soil moisture content measured by the three probes at a depth of 15 cm was set as the 15 cm soil moisture content for each plot. The average soil moisture content from the three probes at 20 cm was used as the 20 cm soil moisture content for each plot. The average soil moisture content from the six probes at each plot was used as the plot’s average soil moisture content.



When rainfall occurs, rainwater replenishes soil water and obvious variation of soil moisture content occurs. Therefore, we analyzed soil moisture content data collected during the period with rainfall-impact and the period without rainfall-impact separately. Since dynamic changes in soil moisture content during rainfall account for the soil moisture content before rainfall were analyzed rainfall periods in this study began at 1 h before the actual rainfall event. Because the soil moisture content response to rainfall usually lags behind rainfall, this study used a delay of 12 h after the end of an individual precipitation event as the end of the rainfall impact period. Such that the period with rainfall impact was from 1 h before the rainfall event to 12 h after the rainfall event. If the interval between discontinuous rainfall events is less than 12 h, we analyze these events as the same rainfall event. Other period was taken as the period without rainfall impact. We first selected the soil moisture content data for all rainfall-impact periods and then selected the soil moisture content that was noticeably affected by rainfall (i.e., increases in soil moisture content that were greater than 1 vol %). We used the following equation to calculate increases in soil moisture content:


ΔSM=SMp−SMs,



(1)




where SMp is the maximum soil moisture content observed for each rainfall event, SMs is the initial soil moisture content for each rainfall event, and ΔSM is the magnitude of the increase in soil moisture content per rainfall event.




2.4. Soil Moisture Content Data Statistics


To study the effects of the four different vegetation cover types on the average level and time variability of soil moisture content, we analyzed the soil moisture content time series data from all the plots and different depths by statistical means, including the mean value, standard deviation, and coefficient of variation. The study area is located in the subtropical monsoon region and seasonal differences in meteorological factors, such as temperature and precipitation. Due to the large scale of the study area, we separately counted the soil moisture content data for the entire study period, i.e., between the rainy and dry seasons, and we analyzed the differences in soil moisture content between the different seasons in various vegetation cover conditions.



Since a small amount of rainfall has no noticeable effect on soil moisture content, the observed soil moisture content data were divided into two types: Rainfall-impact type and no-rainfall-impact type. The screening method is as follows: First, we calculated the increase in soil moisture content per rainfall event. Then, we used the rainfall event characterized by an increase in soil moisture content of more than 1 vol % as the rainfall event that affects soil moisture content.



The linear regression method was used to analyze changes in soil moisture content trends with increasing rainfall, which was then used to compare differences in soil moisture content response to rainfall with exposure to the various vegetation cover types.



The time at which the peak of soil moisture content appears may reflect the response of the soil moisture content to rainfall in each plot. Therefore, we defined a cumulative peak time (CPT) to measure how quick soil moisture content responds to rainfall. The CPT is the sum of the time at which the soil moisture peak appears in each rainfall event. We use the following equation to calculate CPT:


CPT=∑PTj,



(2)




where PTj is the time at which the peak soil moisture occurs for the jth rainfall and CPT is the cumulative soil moisture peak time.



Compared with other meteorological factors, rainfall has a greater impact on soil moisture content. Therefore, we calculated the change per hour in the amount of soil moisture content when rainfall was zero. We then performed a Spearman correlation analysis with temperature, wind speed, and relative humidity. The following equation was used to calculate the amount of change in soil moisture content per hour:


ΔSMi=SMi+1−SMi,



(3)




where SMi is the soil moisture content at time i, SMi+1 is the soil moisture content at time i + 1, and ΔSMi is the amount of soil moisture content change at time i.





3. Results


3.1. General Soil Moisture Content Characteristics in Different Vegetation Cover Types


Figure 2 shows the average soil moisture content for each plot during the study period. Average soil moisture content of bare land, grassland, shrubland, forestland was 34.7 vol %, 42.2 vol %, 34.2 vol % and 36.1 vol % respectively. The coefficient of variation of soil moisture content of these four plots was 10%, 6%, 12% and 12%, respectively. In each plot, the average grassland soil moisture content was the highest, whereas the other three plots had a similar soil moisture content, which was ranked as follows: Grassland > forestland > bare land > shrubland. According to the Mann–Whitney’s U test with Bonferroni correction (Table 2), every soil moisture content data series under each vegetation cover types were significantly different from that of every other vegetation cover types (p < 0.05). The CV (coefficient of variation) of soil moisture content of the grassland was the lowest with high time stability. The CV of soil moisture content of the other three plots was similar, which was ranked as follows: Grassland < bare land < shrubland = forestland. The results above indicate that grassland can more efficiently hold soil water. In contrast, shrubland showed the least ability to hold soil water, due to both low average soil moisture content and its instability.



As shown in Figure 3, the average soil moisture content in different soil depths was higher at 20 cm than at 15 cm. The difference in soil moisture content at two depths across shrubland was slightly larger than that of the other plots. According to the Mann–Whitney’s U test with Bonferroni correction, soil moisture content data series at 15 cm were significantly different from that at 20 cm under each vegetation cover types (p < 0.001). Grassland soil moisture content was higher than that of other plots at 15 and 20 cm. The other plots were ranked at a depth of 15 cm in the following order: Forestland > bare land > shrubland. At a depth of 20 cm, they were ranked in the following order: Shrubland > forestland > bare land. The soil depth coefficient of variation for the different plots was greater at 15 cm than at 20 cm and the differences in soil depth for shrubland were slightly larger than that in the other plots. The grassland coefficient of variation was lower than that of other plots at 15 and 20 cm. At a soil depth of 15 cm, the other plots were ranked as bare land < forestland < shrubland and, at a soil depth of 20 cm, as bare land < shrubland < forestland. The soil moisture content and the CV of soil moisture content between the plots varied obviously at soil depths of 15 cm, whereas the coefficient at soil depths of 20 cm was small.




3.2. Seasonal Differences in Soil Moisture Content under Different Vegetation Cover Types


As shown in Figure 4, rainfall caused noticeable changes in soil moisture content in both the dry and rainy season. Soil moisture content increases when a large rainfall event occurs, while, with no or little rainfall, soil moisture content mainly declines. Based on a comparison of the four plots, we found that soil moisture content was the highest in grassland for most of the study period, with minimal fluctuations over time. The difference of soil moisture content and time variation characteristics among bare land, shrubland, and forestland was less obvious than the difference between grassland and other plots. From February to early March, there were less rainfall events and precipitation and the soil moisture content time curve was smoother. The number of rainfall events began to increase at the end of March and was greater in the rainy season. The amount of precipitation was also larger, which yielded more fluctuations in the soil moisture content time curve. Table 3 lists the seasonal differences in meteorological factors for the study area, which all have varying effects on soil moisture content. Based on a comparison of meteorological data from different seasons, there was more rainfall in the rainy season than in the dry season, such that there was a corresponding decline in the soil moisture content in dry season. However, the average temperature in the dry season was lower than that of the rainy season, which caused higher soil evapotranspiration in the rainy season than in the dry season. The greater wind speed and the lower relative humidity in the dry season also led to soil evapotranspiration in the dry season higher than rainy season. Therefore, soil moisture content in the rainy season declined more quickly when there was no rainfall.



Figure 5 shows the soil moisture content for each month. During the study period, the grassland soil moisture content was higher than that of the other plots in each month, followed by forestland. The soil moisture content in both bare and shrubland was low. By comparing the differences in soil moisture content from each plot with the meteorological data listed in Table 4, we observe that the grassland soil moisture content can be ranked as August > March > July > February, which was consistent with the amount of total rainfall that occurs in each of those months. The monthly soil moisture content and rainfall rankings for the other plots were not completely consistent. The soil moisture content of bare land was the largest in August, followed by February > July and March with the lowest soil moisture content, whereas that in shrubland was the highest in March, followed by August and February, and was the lowest in July. Forestland had the highest soil moisture content in August, followed by February and March and the lowest soil moisture content in July. According to the Mann–Whitney’s U test with Bonferroni correction (Table 5), soil moisture content data series in every mouths were significantly different from soil moisture data series in every other mouths (p < 0.05). Inconsistent characteristics for soil moisture content and changes in rainfall were related to the different responses that soil moisture content had to meteorological factors and the differences in vegetation growth dependent on the type of vegetation.




3.3. Characteristics of the Changes in Soil Moisture Content During the Rainfall Impact Period


There were 16 rainfall events where the soil moisture content increased by more than 1 vol % in an individual plot, which were selected to analyze changes in soil moisture content during a rainfall event. Figure 6 shows the soil moisture peak and initial soil moisture content for each plot. The type of vegetation cover and initial soil moisture content affects the response of the soil moisture content to rainfall. When the average soil moisture content is low before a rainfall event, the grassland peak time usually has a delayed response. When the average soil moisture content is high before a rainfall event, the grassland peak time usually occurs earlier. The rank of CPT (cumulative soil moisture peak time) of these plots turned out to be different when the initial soil moisture content varied. Therefore, the rainfalls were classified based on initial soil water content with 39 vol % as threshold value, as at 39 vol % the difference of rank between the two categories was the most distinct. Therefore, the initial soil moisture content data was divided into two categories with a demarcation point of 39 vol % and the CPT was calculated separately. Based on Table 6, it was observed that the grassland soil moisture content was highest before a rainfall event, followed by forestland while bare and shrub lands were lower. When the average soil moisture content before a rainfall event was <39 vol %, the difference in soil moisture content among these vegetation cover types before a rainfall event was great. The CPT order, from low to high, was forestland, shrubland, bare land, and grassland. When the average soil moisture content before a rainfall event was ≥39 vol %, the difference in soil moisture content before a rainfall event was small. The CPT order, from low to high, was grassland, forestland, shrubland, and bare land. According to the Mann–Whitney’s U test with Bonferroni correction (Table 7), difference of peak soil moisture times between bare land and shrubland, between bare land and forestland, and between grassland and forestland was significant (p < 0.05), while the differences of peak soil moisture times between any two other plots were not significant (p > 0.05) when average initial soil moisture content was smaller than 39 vol %. The difference of peak soil moisture content times between any two other plots were not significant (p > 0.05) when average initial soil moisture content was larger than 39 vol %.



Figure 7 shows trends of the increase in soil moisture content with each rainfall event. The increase in soil moisture content could increase less with increase of rainfall until it became stable (non-linear). When antecedent soil moisture was high, the increase if soil moisture could be little. When antecedent soil moisture was saturated, increase of soil moisture could be 0%. Therefore, the trend line in this figure suggested the difference of response of soil moisture among these plots. Table 8 lists the results of the Spearman correlation and regression analysis. The increase in soil moisture content per rainfall event correlates significantly with the amount of rainfall (p = 0.05). By comparing the slopes obtained from the linear regression analysis, we observed that as the amount of rainfall increased, soil moisture content increased in the forest and shrub lands, followed by bare land, and grassland had the smallest increase. A comparison of the R2 values from the linear regression analysis indicates that the correlation between the increase in soil moisture content and rainfall was the largest in shrubland, followed by bare land and forestland, while grassland had the smallest R2 value. According to the Mann–Whitney’s U test with Bonferroni correction (Table 9), the difference of increase of soil moisture content between any two vegetation cover types was not significant (p > 0.05). Therefore, the regression analysis was used to compare extent of response of soil moisture among different plots merely.




3.4. Characteristics of the Changes in Soil Moisture Content without Rainfall


Figure 8 shows the soil moisture content variation per hour with meteorological factors. Based on the results of the Spearman correlation analysis (Table 10; p = 0.05), changes in the soil moisture content for bare land had a strong negative correlation with temperature and wind speed. The changes in soil moisture content for grassland had a strong negative correlation with relative humidity. The amount of change in the soil moisture content for shrubland and forestland had a strong negative correlation with temperature and relative humidity. Based on the results of regression analysis (Table 11), variation of soil moisture content with temperature was larger. When correlations between a soil moisture content data series and a meteorological factors were not significant, the regression analysis was not been carried out. Figure 9 shows the soil moisture content variation per hour with meteorological factors variation per hour. Based on the results of the Spearman correlation analysis (Table 12; p = 0.05), soil moisture content variation per hour in shrubland had a strong correlation with variation of temperature and relative humidity per hour and soil moisture content variation per hour had a strong correlation with variation of relative humidity per hour. Correlation between soil moisture variation per hour in other plots and variation of other meteorological factors per hour were not significant. According to the significance level in Table 12, the regression analysis between soil moisture content variation in shrubland and variation of temperature, between soil moisture content variation in shrubland and variation of relative humidity and between soil moisture content variation in forestland and variation of relative humidity were carried out. The slopes of the three regressions were −0.016, 0.002, and 0.001, respectively. The intercepts of the three regression analyses were −0.025, −0.025, and −0.019, respectively. The R2 of the three regression analysis were 0.023, 0.007, and smaller than 0.001, respectively.



Based on the Spearman correlation analysis results listed in Table 13 (p = 0.05), soil moisture content in the bare, grass, shrub, and forest lands had a strong negative correlation with temperature and wind speed in dry season. There was a significant positive correlation between soil moisture content and relative humidity in bare, shrub, and forest lands. Soil moisture content in bare, grass, shrub, and forest lands had a strong negative correlation with temperature and a positive correlation with relative humidity in rainy season. Figure 10 shows the soil moisture content with meteorological factors. Overall, in both the rainy and dry seasons, temperature had a strong negative correlation with soil moisture content for each plot. The soil moisture content had a strong positive (or nearly positive) correlation with relative humidity. The main difference between the rainy and dry season was that the soil moisture content in each plot in the dry season had a strong negative correlation with wind speed. The Spearman correlation coefficient between soil moisture content and wind speed for each plot in the rainy season did not pass the significance test at p = 0.05. In general, the correlation coefficient between soil moisture content of bare land and temperature in dry season was the largest. Further, the correlation coefficients between soil moisture content of grassland and meteorological factors in the dry season were smaller than that of other plots. Based on the regression analysis results listed in Table 14, the extent of soil moisture variation with meteorological factors was not different obviously according to slopes. The R2 were low in all plots, which was consistent with Figure 10.





4. Discussion


4.1. Effects of Different Vegetation Cover Types on Overall Soil Moisture Content Characteristics


Grassland soil moisture content was the highest during the study period (Table 1). In terms of soil water replenishment, grassland vegetation results in a dense cover of the surface and has a retarding effect on rainfall, such that surface rainwater is not quickly lost and root systems promote rainwater seepage, which is beneficial to soil water recharge from rainfall. In terms of soil water consumption, grassland vegetation distributed densely and soil water evaporation may, to some extent, decrease due to reduced wind speed and solar radiation. In addition, the clay content of the grassland site was slightly greater than that of the other sites, which may increase the water holding capacity and explain the smaller hydraulic conductivity. The average soil moisture content in bare land was less than that in grassland because there was no vegetation cover on bare ground resulting in rainwater quickly flew away during a precipitation event [29]. Due to the absence of vegetation roots, it is relatively unfavorable for rainwater seepage. When no rainfall occurs, the absence of surface vegetation cover led to faster soil water evaporation. The average soil moisture content in shrub and forest lands was lower than that of grassland because of the fact that the extent of above-ground biomass, stand height, vegetation coverage, and leaf area index were all obviously higher than that of grassland, which results in increased rainfall interception compared with grassland areas. In addition, the amount of water consumed by other vegetation types was usually larger than the amount of water consumed by grassland vegetation, such that soil moisture content was lower than in grassland. The average soil moisture content was larger at 20 cm than at 15 cm (Figure 2) due to soil water evaporation in the topsoil. Wang et al. [20] studied soil moisture in China’s Loess Plateau during the months of July and August, with an average monthly rainfall of 113.5 mm, which is similar to the monthly rainfall of the area studied here (117.61 mm). Results from Wang et al. [20] showed that soil moisture in grassland was the highest, followed by forest and shrub lands, which is consistent with the results of this study. Mei et al. [21] studied soil moisture in vegetation restoration areas of the Loess Plateau in western Shanxi, China, concluding that soil moisture of natural grassland is higher than that of artificial and natural forestland. According to these studies, grassland is an appropriate vegetation type to hold soil water. Xie et al. [5] studied ecological efficiency changes of soil moisture in karst areas with different land type uses and found that soil moisture efficiency was closely related to soil properties such as content of soil clays and porosity, which is consistent with the results of this study. However, this research concluded that water holding capacity was the best of forest land and abandoned farmland and the poorest of shrub land, close to sparse wood land, which is inconsistent with this study. The reason of this is that the rank of content of soil clay in condition of these vegetation cover types is different from this study. Fu et al. [22] found that soil texture was one of the main influence factors of soil moisture content, which was consistent with the result of this study. Canton et al. [30] found that clay content, surface cover had effect on soil moisture on a Mediterranean karst hillslope, and high clay content could explain the increase of soil moisture content. In conclusion, soil texture and natural vegetation cover type could influence each other, such that different vegetation cover types are related to different soil texture and the vegetation cover type could influence soil moisture content by influencing soil texture.



As mentioned above, grassland soil moisture content maintained an elevated level for an extended period of time, such that the soil moisture content before a rainfall event was higher and was closed to saturated water content. Therefore, the soil infiltration velocity was smaller, and the rainwater seepage rate was slower, which resulted in a reduced increase in soil moisture content during a rainfall event. Therefore, the coefficient of variation is minimal (Figure 3). Soil moisture content in bare land before a rainfall event was less than that of grassland but the amount of increase in soil moisture content during a rainfall event was less than that of shrubland and forestland. After a rainfall event, soil water evaporated quickly but the vegetation does not consume water, which resulted in a moderate coefficient of variation. Low soil moisture content before a rainfall event in shrub and forest lands resulted in a large increase in soil moisture content during a rainfall event. During periods of no rainfall, vegetation transpiration in shrub and forest lands was more than that of bare and grass lands, which resulted in the largest coefficient of variation. We obtained the coefficient of variation for soil moisture content at 15 and 20 cm (Figure 3), which indicated that the soil moisture content coefficient of variation for each plot was greater at 15 cm than at 20 cm. This is due to the fact that upper soil water is directly affected by rainfall, which eventually evaporates and is more susceptible to changes in surface environments.




4.2. Reasons for Seasonal Differences in Soil Moisture Content


Soil moisture content in March, July, and August for grassland was slightly higher than that in February (Figure 5), which was due to the more rainfall in March, July, and August (Table 4). In contrast, there was not an obvious increase in soil moisture content in March, July, and August for bare land, shrubland, and forestland. The reason for bare land is that surface rainwater lost quickly, causing a lesser impact of rainfall in grassland, and the higher temperature in March, July, and August makes evapotranspiration quicker than that for grassland due to no vegetation. The reason for shrubland and forestland is more evaporation and transpiration in March, July, and August. Soils in karst areas are shallow and have a low water holding capacity. The soil water evaporation rate and infiltration rate are faster when soil moisture content was high during and after rainfall, which was also an important reason that explains the low amount of soil moisture content in March, July, and August. In contrast, non-karst areas usually have thicker soil layers and soil moisture content in the rainy season was normally higher than in the dry season. In addition, temperature in February was lower than that of other months, which could result in lower evapotranspiration and consumption of water by vegetation. Therefore, the soil moisture content was not smaller than that of other months obviously, although the rainfall differences were very large.




4.3. Differences in Soil Moisture Content Response to Rainfall for Different Vegetation Cover Types


When the average soil moisture content in each plot before a rainfall event was small (<39 vol %), the grassland soil moisture content was noticeably larger than that of the other plots, which results in a reduced soil infiltration capacity in grassland, slower surface water seepage velocities, and, therefore, the soil moisture content response time to rainfall has the largest delay in grassland compared with the other vegetation cover types. Before a rainfall event, the soil moisture content in bare land was low and there was an absence of vegetation interception. Rainfall reaches nearly all land surfaces, such that the rainfall response time was slightly earlier for bare land than that for grassland. Trunks and roots in shrubland and forestland promote infiltration. Compared with grassland, the average soil moisture content before rainfall in shrubland and forestland areas was lower and surface water infiltration rates were faster than in grassland. Therefore, the response time of shrub and forest lands to rainfall was earlier than that of grass and bare lands. When the average soil moisture content was high (≥39 vol %) before a rainfall event, there was a smaller difference among soil moisture content of each plot before the rainfall event and the soil infiltration capacity and the infiltration velocity was decreased. The influence from the differences in the infiltration capacity on the response time became weaker, such that the response time was mainly affected by the effects that different vegetation types had on rainfall. The grassland interception capacity was small and the vegetation consumes less water than shrub and forestland. Therefore, grassland had the earliest response to rainfall, followed by forestland and shrubland. Due to the existence of a surface crust on bare land, rainwater quickly runs off and the absence of vegetation roots promote rainwater infiltration, such that the soil moisture content response to rainfall was the most delayed (Table 6).



Jin et al. [8] found that the accumulated rainfall amount required to trigger a soil moisture response at depth 10 cm at the grassland site and the forestland uphill-slope site was smaller than that for the forestland gully site covered by dense undergrowth and trees. This conclusion was consistent with the result of this study that the response to rainfall for grassland was earlier than that for forestland and shrubland when soil was wet (average initial soil moisture content in these plots ≥39 vol %). Zheng et al. [19] studied the differences in soil moisture content under three vegetation cover conditions in Inner Mongolia, China, and concluded that the peak start time for grassland was earlier than that of the other two types of arbor covered plots. The results from Zheng et al. [19] are also consistent with the soil moisture content observed before rainfall event at a CPT ≥39 vol % in this study, whereas they are inconsistent with the soil moisture content at <39 vol % before a rainfall event. The reason is that rainfall on the Chinese Loess Plateau and Inner Mongolia, China was less, such that soil moisture was smaller and did not differ obviously in grassland and arbor forestland. Response of soil moisture content was mainly affected by water interception of vegetation. In addition, Karst areas are characterized by a poor water holding capacity. Moreover, bare soil water evaporates faster, whereas shrubland and forestland consume more water. Therefore, when there is relatively little rainfall, grassland soil moisture content before a rainfall event is noticeably higher than that of other vegetation cover types, which results in the most delayed response of grassland soil moisture content to rainfall. In general, the response to rainfall of soil moisture content in grassland is earlier than that in forestland when initial soil moisture in the condition of different vegetation cover type is not different obviously.




4.4. Influence of Other Meteorological Factors on Soil Moisture Content


When there was no rainfall, temperature had a strong negative correlation with soil moisture content for most vegetation cover types. This correlation was more significant than the correlations with other meteorological factors (Table 13). This is due to the fact that temperature had the greatest impact on soil water evapotranspiration and vegetation water consumption, as temperature could indirectly affect soil water evapotranspiration by influencing the soil temperature. In addition, there are obvious changes in temperature during different weather conditions and during the day, such that the degree of changes in soil moisture content with temperature and, therefore, correlation analysis results can explain the effect of temperature on soil moisture content. The correlation between temperature and soil moisture content in bare land during the dry season was the most noticeable. This correlation occurred because the occlusion of the vegetation reduced the near-surface temperature, whereas the near-surface temperature in bare land was relatively high, which caused the temperature to obviously affect soil water evaporation in bare land. Moreover, there is little rainfall in the dry season and, therefore, rainfall had a minor effect on changes in soil water. In conclusion, temperature was correlated with soil moisture content more significantly, and the significant level affected by season and vegetation cover. This phenomenon is due to a thin soil layer and weak water holding capacity result in quicker evaporation, which makes soil moisture content affected by influence factors of evaporation such as meteorological factors, season, vegetation cover types more significantly than that of non-karst. Wind velocity and relative humidity only had significant correlations with soil moisture content in a small number of plots but the correlation coefficients were low. This is possibly due to the interaction between various meteorological factors (Figure 11) and environmental processes associated with soil moisture content; their combined effects on soil moisture content are complex. Li et al. [23] found that the relative humidity and precipitation had a greater effect than air temperature controlling the change of soil moisture at larger scales in farmland and grassland in karst catchments of southwestern China. Zhang et al. [25] found that the dominant influencing factors on the variability of surface soil moisture were rainfall and land use types in a depression area of karst region. In general, the effect of rainfall on soil moisture is greater in the karst area.



Based on the correlation analysis of the change in soil moisture content and meteorological factors, the change in soil moisture content in bare, shrub, and forest lands has a strong negative correlation with temperature. Due to less soil water evapotranspiration and vegetation water consumption in grassland compared with bare land, effect of temperature on evapotranspiration and water consumption was less significant, which reduced the correlation between changes in soil moisture content and temperature in grassland. Only changes in soil moisture content in bare land had a significant negative correlation with wind speed, which was due to vegetation in the other three plots that blocked or reduced near-surface wind speeds.



Wind speed had a significant negative correlation with soil moisture content in the dry season, whereas the correlation between soil moisture content and wind speed in the rainy season was not significant. This is due to high temperatures in the rainy season and heavy rainfall, which had a great impact on soil moisture content and led to a relative reduction in the influence that wind speed had on soil moisture content. Except for grassland in the dry season, the relative humidity of air and soil moisture content had significant correlations in both the dry and rainy seasons, the reason for which can be divided into two main aspects. On one hand, when the relative humidity is high, soil water evaporates slowly and air moisture also replenishes the soil water. On the other hand, increase of temperature and wind speed decreased not only soil moisture content but also relative humidity. A period without rainfall in dry season from 3–27 February was chosen to explain this correlation (Figure 11). Therefore, the effect of relative humidity on soil moisture content was synchronous with the effect of temperature and wind velocity on soil moisture content, which made correlation between relative humidity and soil moisture content more significant. In addition, soil moisture content decreased more quickly in karst area than in non-karst area when temperature increased, which caused a correlation between temperature and soil moisture content to be more significant.



As there are many other factors such as initial soil moisture content and seasonal change influencing soil moisture content, and the mechanism of these factor was complicated, such as the effect of temperature and wind velocity on relative humidity (Figure 11), no defined correlation between temperature, wind velocity, and relative humidity and soil moisture was found as can be seen in Figure 8, Figure 9 and Figure 10. Therefore, a period without rainfall with obvious variation of temperature and wind velocity in the dry season (from 3–27 February) was selected to investigate the effect of temperature and wind velocity on soil moisture content. And a period with little rainfall and distinct variation of relative humidity in the rainy season (from 12–19 July) was selected to investigate the effect of relative humidity on soil moisture content. Between temperature and soil moisture content a correlation could be found (Figure 12 and Table 15), while correlation between wind velocity and soil moisture content was similar to result in Table 13, and correlation between relative humidity and soil moisture content was less obviously than result in Table 13. Therefore, the regression analysis between soil moisture content in each plot and temperature in this period were carried out. The result suggested that slopes of one-dimensional linear regression equation in bare land, grassland, shrubland, and forestland were −0.151, −0.109, −0.211, and −0.115, respectively. Intercepts were 36.954, 40.874, 36.241, and 36.781, respectively. R2 were 0.132, 0.414, 0.340, and 0.199, respectively. Due to correlations between soil moisture content and wind velocity and between soil moisture content and relative humidity were not improved obviously in the selected period, the regression analysis between them was not carried out.



The period without rainfall in the dry season (from 3–27 February) was selected to investigate the delay of response of soil moisture to the meteorological variables variation per hour. The soil moisture content data was delayed 1 and 5 h compared to each meteorological factors respectively. According to Figure 13 and Table 16, correlations between meteorological factors and soil moisture content with delayed time of 1 or 5 h was still not more obvious than correlations with no delay of response time (Table 15). Therefore, there could not be hysteresis of response of soil moisture to these meteorological factors.




4.5. Limitation of Soil Moisture Content Data


The monitoring period of soil moisture content in this work included four mouths with February and March representing dry season and July and August representing rainy season. There were differences of meteorological factors among different mouths in the whole year, such that two months was not representative enough for the whole dry season or the whole rainy season. Extreme weather and outlier value of soil moisture content could have a greater effect on results of analysis due to the limited data series. Furthermore, there was fewer times of rainfall events in this limited data series, such that the investigation of response of soil moisture to rainfall was not accuracy enough. Therefore, the time series of soil moisture data was not enough to investigate the characteristics of soil moisture content very accurately, such that studies with the longer soil moisture content data series in karst area is needed to investigate the characteristics of soil moisture content in karst area.





5. Conclusions


In this study, our results indicate that soil moisture content was higher at 20 cm than that at 15 cm and the CV of soil moisture content was larger at 15 cm than that at 20 cm. Soil moisture of grassland was higher in March, July, and August than that in February, which was caused by rainfall in different season. The increase of soil moisture content of grassland is more than that of other vegetation types when there was more monthly rainfall. Increase of soil moisture content of forestland and shrubland was larger and was affected by precipitation more significantly than that of grassland and bare land. Based on a comparison of peak soil moisture content times, response of soil moisture content of bare land was later than that of shrubland and forestland. The hysteresis phenomenon of the response of soil moisture content was also affected by initial soil moisture content before a rainfall event. Higher initial soil moisture made the hysteresis phenomenon of response of soil moisture content to rainfall more obvious. The correlation between soil moisture content and meteorological factors in bare land, shrubland, and forestland was more significant than that in grassland, especially the correlation between temperature and soil moisture content. Further, the correlation between temperature and soil moisture content was more significant than that between wind velocity and soil moisture content and that between relative humidity and soil moisture content. The correlation between soil moisture content and meteorological factors such as temperature, wind velocity, and relative humidity was more significant in dry season. In conclusion, soil moisture content in grassland was higher and more stable than that in bare land, shrubland, and forestland. Grass is a vegetation type beneficial to holding soil water according to this work. Information of effects of vegetation cover types on soil moisture provides very valuable information for ecological and hydrological process research, the use and management of water resources and strategies of vegetation recovery in karst area.
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Figure 1. The study area and the geographic location of the experimental station of this study. 
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Figure 2. Mean levels and temporal variations in volumetric soil moisture content with respect to different vegetation cover types. Error bars refer to the temporal standard deviations of soil moisture content (a) and the standard deviations of three repetitions (b), which reflect the temporal variations in soil moisture content and the errors of three repetitions respectively. 
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Figure 3. Average value (a) and CV (b) of volumetric soil moisture content at different soil depths. 
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Figure 4. Temporal variations in volumetric soil moisture content with rainfall for the dry (a) and the rainy (b) season. 
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Figure 5. Average volumetric soil moisture content and temporal variations with respect to different vegetation types in February, March, July, and August. 
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Figure 6. Comparison of peak volumetric soil moisture times of the different vegetation types. 
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Figure 7. Correlation between increasing volumetric soil moisture content and rainfall. 
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Figure 8. Volumetric soil moisture content variation per hour, with temperature (a), wind velocity (b), and relative humidity (c) during a period without rainfall. 
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Figure 9. Volumetric soil moisture content variation per hour, with variation of temperature (a), wind velocity (b), and relative humidity (c) per hour during a period without rainfall. 
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Figure 10. Volumetric soil moisture content, with temperature in the dry season (a), wind velocity in the dry season (b), relative humidity in the dry season (c), temperature in the rainy season (d), wind velocity in the rainy season (e), and relative humidity in the rainy season (f) in a period without rainfall. 
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Figure 11. Correlation between wind velocity and relative humidity (a) and correlation between temperature and relative humidity (b). 
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Figure 12. Volumetric soil moisture content, with temperature (a) and wind velocity (b) in a continuous period without rainfall in the dry season, and with relative humidity in a period with little rainfall in the rainy season (c). 
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Figure 13. Volumetric soil moisture content, with meteorological factors in a continuous period without rainfall in the dry season with 1 h for hysteresis of temperature (a), 5 h for hysteresis of temperature (b), 1 h for hysteresis of wind velocity (c), 5 h for hysteresis of wind velocity (d), 1 h for hysteresis of relative humidity (e), and 5 h for hysteresis of relative humidity (f). 
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Table 1. Attributes of soil in each plots.
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Vegetation Cover Type

	
SWC (vol %)

	
FC (vol %)

	
BD (g/cm3)

	
SHC (cm/h)

	
Soil Particle Size Distribution (vol %)




	
Sand

	
Silt

	
Clay




	
≥0.05 mm

	
0.01–0.05 mm

	
0.005–0.01 mm

	
0.001–0.005 mm

	
<0.001 mm






	
Bare land

	
52.32

	
35.67

	
1.08

	
0.60

	
33.88

	
17.52

	
7.94

	
19.86

	
20.79




	
Grassland

	
56.20

	
42.70

	
1.01

	
0.15

	
26.54

	
17.16

	
8.24

	
18.08

	
29.98




	
Shrubland

	
58.28

	
40.72

	
0.83

	
1.01

	
33.25

	
14.95

	
10.57

	
17.78

	
23.45




	
Forestland

	
57.42

	
37.98

	
0.85

	
1.23

	
33.74

	
15.02

	
7.88

	
17.73

	
25.62








SWC = saturated water content, FC = field capacity, BD = bulk density, SHC = saturated hydraulic conductivity.
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