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Abstract

:

Soil moisture is one of the restricting factors in the humid karst areas, which feature strong spatial heterogeneity. However, current research about the effects of vegetation restoration on soil moisture content have mainly focused on plot scale and slope scale, while these effects still remain unclear at regional scale in this area. Taking Southwest China as a case study and based on the land parameter data record (LPDR) and enhanced vegetation index (EVI) data set during 2002–2018, this study analyzed the spatiotemporal variation characteristics of vegetation and soil moisture content, and evaluated the effects of vegetation restoration on regional soil moisture content dynamics in paired years with similar precipitation conditions. The results showed that the EVI generally increased at a rate of 0.035/10a during 2002–2018, while the soil moisture was dominated by a drying trend at a variation rate of −0.0006 (cm3/cm3)/10a. The increasing trend of EVI accounted for 90.90% across the study area, whereas the decreasing trend of soil moisture accounted for 51.66%, and the increasing trend of soil moisture accounted for 48.34%. In addition, the decreasing trend of soil moisture coupled with an increasing trend of EVI distributed in most of the study area, especially in the homogenous limestone area. Our results demonstrate that there were remarkable vegetation restoration efforts in a series of ecological restoration projects, which resulted in a drying trend of the regional soil moisture content in the humid karst areas. The results suggest that it is necessary to consider reasonable vegetation planting density and suitable revegetation types to balance the relationship between vegetation water consumption and soil moisture supplementation in vegetation restoration practice in the humid karst areas.
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1. Introduction


Soil water plays an important role in the terrestrial water cycle and the soil−plant−atmosphere continuum (SPAC), it is a key parameter in the hydrological and climatic models [1,2]. Due to the wide distribution and high chemical dissolution of the bedrock such as the carbonate rocks, these are usually characterized by numerous fissures and rich underground channels in the humid karst areas. The soil layers are very thin and with low water-holding capacity: most precipitation and surface water immediately infiltrate into the underground. Therefore, the soil moisture is usually deficient, which results in it being one of the restricting factors for vegetation restoration, crop growth and ecological construction in the humid karst areas [3,4,5].



Against the background of the karst’s fragile ecological environment, the soil erosion and rocky desertification were serious in the humid karst areas [6,7,8]. In recent decades, to protect the local ecological conditions, the state and local governments in China have launched a series of ecological restoration projects, including the Natural Forest Protection Project, the Grain for Green Project, and the Karst Rocky Desertification Comprehensive Control and Restoration Project [9,10,11,12]. Although there was remarkable regional vegetation restoration in this area, it also greatly changed local hydrological processes such as evapotranspiration and rainfall interception, and ultimately directly or indirectly affected the soil moisture content [13,14]. Therefore, the study of the effects of vegetation restoration on soil moisture content is of key importance for the management of water resources and vegetation restoration practices, and agricultural industrialization in the humid karst areas.



At present, the effects of vegetation restoration on soil moisture content in the humid karst areas have received increasing attention, and previous studies have mainly focused on the plot scale and slope scale. On the plot scale, the results of many researchers indicated that the soil moisture content was high in the grassland stage. For example, Li et al. found that the soil moisture content in grassland was higher than that in farmland [15]. Zhou et al. pointed out that, influenced by the characteristics of grassland such as shallow root systems, large vegetation coverage and slow water evaporation resulted in the grassland showed higher soil moisture holding capacity than bare land, woodland and shrubland [16]. On the slope scale, most of the results showed that the soil moisture content varied in different vegetation restoration stages. For example, Chen et al. found that the soil moisture content of forested land was higher than that of shrubland and grassland [17]. Chen et al. found that the soil moisture content of shrubland was higher than that of cultivated land and artificial forested land [18]. The publication by Sun et al. pointed out that soil moisture content was highest in shrubland, followed by cultivated land and grass land, lowest in forested land [19].



Influenced by the complex topography and diverse niche types of the ecological environment, the distribution of soil moisture content and its influential factors in the humid karst areas are features of strong spatial heterogeneity [20,21,22,23]. However, these conclusions obtained by field observations conducted at plot scale and slope scale can only represent the conditions of soil moisture content on a small scale and in a short time period, so they are unclear and fail to clarify the characteristics of the effects of vegetation restoration on soil moisture content in the humid karst areas at regional scale [24,25,26]. Therefore, it is necessary to study the effects of vegetation restoration on soil moisture content at regional scale, which is vital for vegetation restoration practices in humid karst areas.



In general, few studies have researched the effects of vegetation restoration on soil moisture content carried out at the regional scale in humid karst areas. Based on soil moisture content from reanalysis and ground stations, Deng et al. found that the soil moisture content was dominated by a drying trend during 1982–2015 [27]. In addition, the soil moisture content under different land cover types showed highest in forest, followed by wetland, agriculture, grassland, sparse vegetation, urban and bare area. Overall, soil moisture content experienced a decreasing trend in 1979–2017, with the soil moisture content of agricultural land and forest areas significantly reduced [28]. However, these studies mainly focused on the characteristics of the soil moisture content differences under different land cover types, which did not represent the process of vegetation restoration. Generally, the effects of vegetation restoration on regional soil moisture content are still unclear in humid karst areas.



Therefore, the purpose of this manuscript is to explore the effects of vegetation restoration on soil moisture content at the regional scale in humid karst areas. Based on the soil moisture content, EVI, and precipitation data set during 2002–2018, the spatiotemporal variation characteristics of EVI, soil moisture content, and precipitation were first analyzed. Then, the effects of vegetation afforestation on regional soil moisture content were quantitatively evaluated under similar precipitation conditions. The results of this study may not only provide scientific reference for evaluating the regional soil moisture-carrying capacity of vegetation restoration in humid karst areas, but also provide scientific guidance for further practices of vegetation planting density and spatial layout in the ecological construction.




2. Materials and Methods


2.1. Study Area


The karst areas account for 12% of the total land surface, and the typical humid karst areas are mainly distributed in southwest China. Therefore, this study has taken Southwest China as a case study, which includes the Yunnan and Guizhou Provinces and the Guangxi Zhuang Autonomous Region, China (97.5–112° E, 21.1–29.2° N). The total land area is 796,773 km2, and the elevation of the study area generally decreases from northwest to southeast (Figure 1a). The bedrock is dominated by pure carbonate (25%) and impure carbonate (23%) whereas the bedrock for the rest of the region consists of clastic rocks. The lithologies are dominated by limestone and dolomite, and the regional soil mainly contains Haplic Alisols. This region experiences a subtropical humid monsoon climate, annual average temperature is 17.6 ℃ and annual precipitation is 1021 mm [9,29]. The temperature and precipitation generally decrease from the southeast to the northwest.




2.2. Data and Processing


2.2.1. Soil Moisture Data


Soil moisture content in the study area was measured based on the land parameter data record (LPDR) Version 2 data set, which was generated using calibrated microwave brightness temperature (Tb) records from the Advanced Microwave Scanning Radiometer for Earth Observing System (EOS) (AMSR-E) on the National Aeronautics and Space Administration (NASA) EOS Aqua satellite, and the Advanced Microwave Scanning Radiometer 2 (AMSR2) sensor on the JAXA GCOM-W1 satellite [30].



The surface (~0–1 cm depth) volumetric soil moisture data were obtained from the Equal-Area Scalable Earth Grid projection (EASE-Grid) with a spatial resolution of 25 km for all the channels, the files are in tif format, the metric is cm3/cm3, and the range is 0–1 [30]. These data sets are acquired twice daily, i.e., once during the ascending track (satellite passage at 13:30 local time) and once during the descending track (satellite passage at 01:30 local time). The fill value is −999. More detailed information is available at https://nsidc.org/data/NSIDC-0451/versions/2.



Humid karst areas usually experience cloudy and rainy days, compared to the optical remote sensing data, the microwave remote sensing data are not susceptible to weather conditions. Furthermore, even though most of them have low spatial resolution, they usually cover a long time series (2002–2018). Therefore, the LPDR V2 data set was used for characterizing the soil moisture content changes in the humid karst areas. Additionally, this data set has been used for monitoring soil moisture content from global to regional scale, including that in China [31,32].




2.2.2. Enhanced Vegetation Index Data


Compared with Normalized Difference Vegetation Index (NDVI) and other vegetation index data sets that have mixed pixel phenomena in vegetation inversion in high vegetation cover areas, the EVI data set is more applicable to monitor vegetation cover change in high vegetation cover areas. Therefore, in this study, the EVI data set (https://ladsweb.modaps.eosdis.nasa.gov/search/) was used to analyze the vegetation changes in the humid karst area of Southwest China. The EVI (2002–2018) derived from MOD13A3 products, with temporal and spatial resolutions of 16 days and 1 km, respectively. The original Moderate Resolution Imaging Spectroradiometer (MODIS) EVI data set was converted to tif format using the MODIS Reprojection Tools software and defined to the Albers Equal-area Conic projection, World Geodetic System 1984 ellipsoid and with a spatial resolution of 25 km.




2.2.3. Precipitation Data


The monthly precipitation data set was downloaded from the China Meteorological Science Data Sharing Service Network (http://data.cma.cn/). The annual precipitation data were calculated from the monthly precipitation data recorded at 82 standard meteorological stations within and surrounding the study area. The spatial precipitation data were obtained by the inverse distance weighting interpolation method. The spatial precipitation data was defined as the Albers Equal-area Conic projection and WGS1984 ellipsoid, and with a spatial resolution of 25 km. The basic information of these data sets can be found in Table 1.





2.3. Methodology


2.3.1. Temporal Variation Characteristics of EVI and Soil Moisture Content


The temporal variations of the annual average EVI and soil moisture content were calculated using the least squares linear regression model.


  y = a x + b  



(1)




where the y represents the annual average EVI, or soil moisture content, x represents the year, a is the regression intercept, and b is the regression trend (slope).




2.3.2. Classification of EVI and Soil Moisture Content Variation Trend Patterns


Based on the linear regression analysis method, the variation trend patterns of EVI and soil moisture content were calculated according to the slope of linear regression equation. The detailed algorithms of the slope are as follows:


  s =   n ×   ∑   i = 1  n   E i  −   ∑   i = 1  n  i   ∑   i = 1  n   E i    n ×   ∑   i = 1  n   t 2  −   (   ∑   i = 1  n  i )  2    .  



(2)




where s is the slope of the EVI or soil moisture content variation trend in each pixel, i is the year, n is the number of years during the study period (n = 17), and Ei is the value of EVI of soil moisture content in year i. When s = 0, EVI or soil moisture content does not experience obvious change during the study period. When s > 0, EVI or soil moisture content experience an increasing trend during the study period; When the s < 0, EVI or soil moisture content experience a decreasing trend during the study period. When s ≠ 0, the F test is used to identify the significance of EVI or soil moisture content variation trend. As shown in Table 2, the EVI and soil moisture content variation trend patterns were divided into 8 classes.




2.3.3. Identifying the Paired Years with Similar Precipitation Conditions


Because precipitation is a critical factor affecting soil moisture content in this work, the method of identifying paired years with similar precipitation conditions was used to eliminate the effects of precipitation when evaluating the effects of vegetation afforestation on regional soil moisture-content change. This method is widely used in the study published by Wang et al. [33,34,35]. In general, the paired years with similar precipitation conditions were defined by a similar amount of precipitation and a similar precipitation process and there is an interval of years between early stage and later stage. The similar amount of precipitation means the annual average precipitation is similar in the paired years, it is dependent on the difference of annual average precipitation. The smaller the difference in annual average precipitation in the paired years, the more similar is the amount of precipitation. The similar precipitation process means the monthly precipitation pattern is similar in the paired years, it is dependent on the correlation relationship of monthly precipitation in the paired years. The closer the correlation coefficient (r) is to 1, the more similar the precipitation process is.



In this study, the precipitation data during 2002–2018 was firstly grouped into 78 paired years, the interval of the paired years was 5 years or more (such as 2002 and 2007). Then, these paired years were selected by similar amounts of precipitation, which were calculated with the low relative variation rate of annual average precipitation between early stage and later stage of vegetation restoration. Then, the similar precipitation processes were defined according to the correlation coefficient (r) of monthly precipitation in these paired years with similar amounts of precipitation. If the correlation coefficient passed the 0.05 significance level, they were featured by similar precipitation processes. The relative variation rate of annual average precipitation and the correlation coefficient of monthly precipitation can be calculated as:


   R i  =   a b s    R i  −  R i       R i  × 100    



(3)






  r =     ∑   i = 1  n     x i  −  x ¯       y i  −  y ¯          ∑   i = 1  n    (  x i  −  x ¯  )  2    ∑   i = 1  n       y i  −  y ¯     2       



(4)




where Ri is the relative variation rate of annual average precipitation in paired year i, Pa and Pb are the annual average precipitation before and after vegetation restoration, respectively. r is the correlation coefficient of monthly precipitation between early stage and later stage, n is the number of variables, xi is the monthly precipitation in the early stage, yi is the monthly precipitation in the later stage, x is the average monthly precipitation in the early stage,    y ¯    is the average monthly precipitation in the later stage.




2.3.4. Analysis of the Interaction Variation Trend of EVI and Soil Moisture Content in Paired Years with Similar Precipitation Condition


The interaction variation trend of EVI and soil moisture content under similar precipitation conditions was calculated by the differences of EVI or soil moisture content at the similar precipitation pixel in the paired years between early stage and later stage. A more detailed description of interaction variation trend can be calculated as follows:


  Δ x =  x  b i   −  x  a i    



(5)




where Δx is the difference of EVI or soil moisture content in the paired years between the early stage and the later stage. xa is the EVI or soil moisture content in the early stage, xa is the EVI or soil moisture content in the early stage, i is the number of paired years. When i = 1, a = 2002, b = 2007; When I = 2, a = 2003, b = 2008; by that analogy, when i = 78, a = 2002, b = 2018. As shown in Table 3, the interaction variation trend of EVI and soil moisture content was divided into 4 classes. Figure 2 presents a flow chart of this study.






3. Results


3.1. Spatiotemporal Variation Characteristics of EVI and Soil Moisture Content


During the 2002–2018 period, the EVI and soil moisture content generally increased at the rates of 0.035 /10a and −0.0006 (cm3/cm3)/10a, respectively. The annual average EVI experienced an increasing trend during 2002–2011 and exhibited an accelerated increasing trend during 2012–2018, the highest and lowest EVI were observed in 2017 and 2004, respectively (Figure 3a). The annual average soil moisture content decreased during 2002–2011 before exhibiting an accelerated downward trend during 2012–2018, the highest and lowest soil moisture content were observed in 2012 and 2006, respectively (Figure 3b). It was found that the accelerated increasing trend of EVI correspond to the accelerated downward trend of soil moisture content during 2012–2018. Generally, the results indicate that with the implementation of a series of ecological restoration projects such as the Grain for Green project, which largely improved the vegetation coverage but was coupled with a drying trend of regional soil moisture content, the drying trend accelerated especially during 2011–2018.



As shown in Figure 4a, the high EVI was mainly distributed in the east and south of the study area, while the low EVI was distributed in the center and north of the study area. The results in Figure 4b show that the high soil moisture content was mainly distributed in the east of the study area, while the low soil moisture content was mainly distributed in the west of the study area. According to the results in Table 4 and Figure 4c, the EVI mainly exhibited an increasing trend, which accounted for 90.90% across the study area. The significantly increased EVI accounted for 54.19% and was mainly distributed from the center to the northeast of the study area whereas the decreased soil moisture content accounted for 51.66% of the study area, while the increased soil moisture content accounted for 48.34% (Table 4). The significantly decreased soil moisture content accounted for 26.66% and was mainly distributed in the center and northeast of the study area (Figure 4d), where the EVI mainly experienced a significantly increasing trend. In general, the results showed that the regional differences in variation trend of EVI corresponded to the regional differences in the variation trend of the soil moisture content across the region, which illustrated that the vegetation cover exhibited an obvious increasing trend but corresponded to a significant reduction in soil moisture content.




3.2. Spatiotemporal Variation Characteristics of Precipitation


The annual average precipitation generally exhibited an unstable increasing trend at a variation rate of 92.134 mm/10a during 2002–2018, the highest and lowest precipitation were observed in 2015 and 2011 with 1391.21 and 982.51, respectively (Figure 5a). The annual average precipitation featured obvious spatial heterogeneity, it generally decreases from the southeast to the northwest of the study area (Figure 5b). The results in Figure 5c and Table 5 show that the nonsignificant decreasing trend accounted for 76.71% across study area, while the nonsignificant increase accounted for 29.98%. Generally, the annual average precipitation did not exhibit an obvious temporal variation trend during 2002–2018 but exhibited obvious regional differences across the study area.




3.3. Interaction Variation Trend of EVI and Soil Moisture Content in the Paired Years with Similar Precipitation Conditions


As shown in Table 6, among of the 78 paired years, there were 25 paired years with similar precipitation conditions individually accounting for more than 20%. In general, there was little area under similar precipitation conditions across the study area. The interaction variation trend of EVI and soil moisture content in the paired years with similar precipitation conditions accounting for more than 10% of the study area is shown in bold in Table 6. Generally, the results showed that the variation trend of decreased soil moisture content coupled with increased EVI accounted for a greater proportion than the other variation trends, which demonstrated that the remarkable vegetation restoration has resulted in a drying trend of the regional soil moisture content in humid karst areas.





4. Discussion


4.1. Cause of Negative Effects of Vegetation Restoration on Regional Soil Moisture Content


Many previous studies have analyzed the effects of vegetation restoration on regional soil moisture content; however, it is still unclear whether vegetation restoration positively or negatively influences the soil moisture content. Some of the previous studies pointed out that vegetation restoration has a positive correlation with soil moisture content. Because the plant canopy can decrease the land surface temperature, reduce the soil evaporation and increase the precipitation infiltration, these factors finally improve the soil moisture content [36]. In the present study, we found that vegetation restoration has contributed to a drying trend of regional soil moisture content, which is in line with most previous studies undertaken in the karst areas [37,38,39]. For example, the similar study published by Kovačič et al. [40], in which they pointed out that multidecadal vegetation overgrowth significantly contributed to the reduction in the karst soil moisture content. Another study suggests that the increasing trend in global leaf area index (LAI), documented by Zhu et al. [41], could be reflected in the significant impact on groundwater recharge and on the partitioning between green and blue water, which finally resulted in a drying trend of soil moisture content in the karst areas.



The reasons for the negative effects of vegetation restoration on regional soil moisture content in humid karst areas are possibly caused by this: due to the bedrock being characterized by high penetrability and many fissures in humid karst areas, once the precipitation reaches the land surface, it immediately infiltrates underground. So, although precipitation in humid karst areas is abundant, surface water resources are in short supply due to the special hydrogeological structures, and there are insufficient water resources, in particular little soil water, for vegetation restoration consumption. With large-scale vegetation restoration, the increasing leaf area will lead to more canopy interception, water consumption and evapotranspiration, which largely decrease the soil moisture content. At the same time, due to the litter layer, the soil moisture is not easily supplemented by precipitation, which results in a reduction in soil moisture. Consequently, vegetation restoration leads to a drying trend of the regional soil moisture content.




4.2. The Effects of Vegetation Restoration on Soil Moisture Content Varied Under Different Lithological and Climatological Conditions


According to Figure 1c and Figure 4d, the extremely significant decreasing trend in the soil moisture was mainly distributed in the homogenous limestone area [42]. The nonsignificant decrease and nonsignificant increasing trend of soil moisture content was mainly distributed in the homogenous dolomite area, while the extremely significant increasing trend of soil moisture content was mainly distributed in the clastic rock. The reason might be that the homogenous limestone area mainly consists of highly soluble mineral components, such as calcium carbonate [42]. These components are easily dissolved by rainwater, which leads to the formation of crevices within the bedrock surface [43], these crevices limit the retention of water and subsequently result in low soil moisture content, thus vegetation restoration might extensively decrease the soil moisture content. The homogenous dolomite areas mainly consist of magnesium carbonate and usually feature a thick soil layer, which can not only hold more water but also is beneficial for vegetation growth. Thus, vegetation restoration will not lead to an obvious influence on soil moisture change. However, in the clastic rock areas, where the land surface is distributed by a thicker soil layer and higher water-holding capacity [44], the vegetation restoration does not lead to a reduction in soil moisture content, but also can accumulate the precipitation to increase the soil moisture content.



In addition, precipitation generally decreased from the southeast to the northwest of the study area (Figure 5b). The soil moisture change in the humid karst areas was mainly due to precipitation, and the results showed the high precipitation distribution in the southeast, where the main increasing trend of soil moisture content was distributed. Generally, it was found that the spatial distribution of soil moisture content was explained by the lithology and precipitation, thus the effects of vegetation restoration on soil moisture content might be different under different lithology and precipitation conditions. Therefore, the results suggest that the effects of vegetation restoration on soil moisture content under different lithological and climatological conditions should not be ignored in future vegetation restoration practices in humid karst areas.




4.3. Reasons for Differences in Effects of Vegetation Restoration on Soil Moisture Content in Different Spatial Scales


According to the conclusions in previous studies, the effects of vegetation restoration on soil moisture content showed significantly different characteristics in different spatial scales, these effects particularly varied at plot scale and slope scale. The reasons may be as follows: on the one hand, because the comparisons between experimental groups are inconsistent and most of the observation experiments are mixed with external environmental factors, such as plant community structures, topographic features, and climatic conditions. These interactions impact the various influential factors on soil moisture content and can easily lead to different research results. On the other hand, due to the influences of the strong heterogeneity of the ecological environment and the thin and discontinuous soil layer, the soil moisture and its influential factors feature strong spatial heterogeneity and vary in different spatial scales in the humid karst areas. Therefore, the conclusions are significantly different on the effects of vegetation restoration on soil moisture content in different spatial scales. Thus, against the background of the greening of the Earth, the humid karst area has been confirmed to be one of the remarkable vegetation restoration efforts in the world. Therefore, it is important to conduct the study on the effects of vegetation restoration on soil moisture at regional scale. As such, the results of the present study can provide knowledge of the effects of vegetation restoration on soil moisture content at the regional scale, and be of key importance for balancing the relationship between the water needs of vegetation and the water supplies of the soil in further vegetation restoration practices in humid karst areas.




4.4. The Rationality and Limitation of the Method to Define Similar Precipitation Conditions


With a series of Ecological Restoration Projects that have greatly improved landsurface vegetation cover, how to quantitatively analyze the impact of vegetation restoration on soil moisture content has become the hot topic in recent years. Precipitation was a critical factor affecting soil moisture content, and showed different spatiotemporal variation characteristics in the early and later stages of vegetation restoration. Therefore, the influence of precipitation should be eliminated when analyzing the soil moisture content changes in different periods. Since the paired years with similar climate conditions was proposed, it has been widely applied to separate the influence of human activities from climate factors on river runoff and sediment discharge. In previous studies, similar precipitation conditions were identified by a similar amount of precipitation and similar processes of precipitation in the paired years between early and later stages. However, there is still no uniform determination of this method, including similar amount of precipitation, similar process of precipitation and interval year in the paired years.



In this study, we defined the similar precipitation conditions with three rules that need to be simultaneously applied: first, the interval year in the paired years is ≥5 years; second, the relative variation rate of annual precipitation in the paired years is ≤20%; third, the correlation coefficient between monthly precipitation in the paired years should pass the significance level of 0.05. Based on the method of the paired years with similar precipitation conditions, this study evaluated the effects of vegetation restoration on soil moisture by eliminating the influence of precipitation by pixel scale. Compared with the previous studies, this method in the present study can not only reveal the effects of vegetation restoration on regional soil moisture content more accurately, but also is of great significance for future soil moisture content research and vegetation restoration practices.




4.5. The Contribution and Application of the Present Study


Influenced by the fragile ecological environment, of which the resulting soil moisture content is the main restricting factor in the humid karst areas. In recent years, due to the influence of accelerating climate change and the implementation of a series of ecological restoration projects, although the vegetation coverage has been greatly increased, it has also greatly changed the spatiotemporal soil moisture content. Against the unique geological and hydrological background, such as thin soil layer and space mismatch between soil and rocks, soil moisture content is a feature of strong spatial heterogeneity in the humid karst areas. However, the conclusions in previous research were mainly conducted at plot scale and slope scale, consequently, these conclusions also varied in different studies and are unclear at the regional scale. In the present study, our results reveal that vegetation restoration has led to a drying trend of the regional soil moisture content in humid karst areas during 2002–2018, which is not conducive to vegetation restoration and increases the risk of drought in this area. Therefore, the findings suggest that in the future practice of vegetation restoration in humid karst areas, we should pay attention to balancing the relationship between vegetative water consumption and soil moisture content. According to the different land surface climate conditions, choosing appropriate vegetation types and controlling reasonable vegetation planting density can realize sustainable vegetation restoration. Although this study selected Southwest China as a case study area, the results of this study can be transferred to other similar studies aiming to evaluate the effects of vegetation restoration on soil moisture.



In this study, the effects of vegetation reconstruction on regional soil moisture content were analyzed under similar precipitation conditions, which can be good for eliminating the influence of precipitation conditions, so as to make the research results more scientific and convincing. There are some limitations in our present study, for example, due to the land cover types in humid karst regions usually being characterized by strong spatial heterogeneity, the soil layer is shallow and discontinuous so the soil moisture varied even in the case of 1 km2 areas. However, the remote sensing data in our study with a spatial resolution of 25 km, low spatial resolution remote sensing images bring errors into the land surface conditions because a single pixel covers a larger area and there are a lot of mixed pixels. Therefore, the surface soil moisture content might be different within one pixel, which has limitations for the monitoring of actual soil moisture content conditions in the humid karst areas. Although the present study looks at the effects of vegetation restoration on regional soil moisture content by controlling similar precipitation condition, there are still some differences of precipitation in the paired years between early and later stages of vegetation afforestation, which could impact the accuracy of this study results. Despite some limitations to our present study, in general, the results of the present study can reveal the effects of vegetation restoration on regional soil moisture content in humid karst areas, and can also provide important references for the management of water resources, vegetation restoration practices and agricultural industrialization at regional scale in future.





5. Conclusions


The effects of vegetation restoration on soil moisture content have mainly focused on plot scale and slope scale, while these effects still remain unclear at regional scale in this area. Our research quantitatively investigated the spatiotemporal variation characteristics of EVI and soil moisture content in the humid karst areas, and explored the effects of vegetation restoration on regional soil moisture content in paired years with similar precipitation conditions. The results showed that the remarkable vegetation restoration has resulted in a drying trend of the soil moisture content at the regional scale in humid karst areas. Therefore, we suggest that the relationship between the water consumption of vegetation growth and the supply of soil moisture should be fully considered in future practices of vegetation restoration. Furthermore, when returning farmlands to forests, the lithology conditions should be considered and a suitable planting density should be selected, rather than blindly pursuing high-density vegetation coverage. This study is not only useful for the acknowledgement of the effects of vegetation restoration on regional soil moisture content changes in the humid karst areas of Southwest China, but also could of key importance for balancing the relationship between water consumption of vegetation growth and soil moisture supplies, which can make a contribution to the sustainable vegetation restoration practices in humid karst areas.
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Figure 1. (a) The location, (b) elevation, (c) land use and cover, and (d) lithology of the study area. 
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Figure 2. The flow chart of evaluating the effects of vegetation restoration on regional soil moisture content in the humid karst areas. 
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Figure 3. Temporal variation of (a) the annual average EVI and (b) the soil moisture content in the humid karst areas during 2002–2018. 
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Figure 4. Distribution of (a) the annual average EVI/(b) soil moisture content (cm3/cm3) and (c) multiyear temporal variation trend of annual EVI/(d) soil moisture content in the humid karst areas during 2002–2018 (ESD represents extremely significant decrease; MSD represents more significant decrease; SD represents significant decrease; NSD represents nonsignificant decrease; ESI represents extremely significant increase; MSI represents more significant increase; SI represents significant increase; NSI represents nonsignificant increase, more detailed description of the classes can be found in Table 2). 
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Figure 5. (a) Temporal variation, (b) spatial distribution of the annual average precipitation and (c) the spatial distribution variation trend of annual average precipitation (the abbreviations are the same as for Figure 4) in the humid karst areas during 2002–2018. 
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Table 1. The information of the soil moisture, EVI, and precipitation.
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	Parameter
	Time Range
	Spatial Resolution
	Temporal Resolution
	URL





	Soil moisture content
	2002–2018
	25 km
	daily
	https://nsidc.org/data/NSIDC-0451/versions/2



	EVI
	2002–2018
	1 km
	monthly
	https://ladsweb.modaps.eosdis.nasa.gov/



	Precipitation
	2002–2018
	25 km
	monthly
	http://data.cma.cn/
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Table 2. Division of EVI and soil moisture content variation trend patterns.
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	Classes
	Combination Scenario
	Patterns





	I
	s < 0, p < 0.01
	extremely significant decrease (ESD)



	II
	s < 0, 0.01 ≤ p < 0.05
	more significant decrease (MSD)



	III
	s < 0, 0.05 ≤ p < 0.1
	significant decrease (SD)



	IV
	s < 0, p ≥ 0.1
	nonsignificant decrease (NSD)



	V
	s > 0, p < 0.01
	extremely significant increase (ESI)



	VI
	s > 0, 0.01 ≤ p < 0.05
	more significant increase (MSI)



	VII
	s > 0, 0.05 ≤ p < 0.1
	significant increase (SI)



	VIII
	s > 0, p ≥ 0.1
	nonsignificant increase (NSI)







Notes: s is the slope of linear regression analysis; p is the significance of variation trend.
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Table 3. Division of EVI variation trend coupling with soil moisture content variation trend patterns in the paired years under similar precipitation conditions.
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	Classes
	Combination Scenario
	Patterns





	I
	Δxs < 0, Δxe > 0
	soil moisture content decrease while EVI increase (− +)



	II
	Δxs < 0, Δxe < 0
	soil moisture content decrease while EVI decrease (− −)



	III
	Δxs > 0, Δxe < 0
	soil moisture content increase while EVI decrease (+ −)



	IV
	Δxs > 0, Δxe > 0
	soil moisture content increase while EVI increase (+ +)







Notes: Δxs is the difference in soil moisture content between the early stage and the later stage, Δxe is the difference in EVI between the early stage and the later stage.
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Table 4. The area and proportion of soil moisture content and EVI changes in the humid karst areas during 2002–2018.
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Variation Trend

	
EVI

	
Soil Moisture Content




	
Area (104 km2)

	
Proportion (%)

	
Area (104 km2)

	
Proportion (%)






	
Extremely significant decrease

	
0.81

	
1.03

	
9.10

	
21.06

	
26.66

	
51.66




	
More significant decrease

	
0.63

	
0.79

	
5.88

	
7.44




	
Significant decrease

	
0.38

	
0.47

	
2.88

	
3.64




	
Nonsignificant decrease

	
5.38

	
6.80

	
11.00

	
13.92




	
Extremely significant increase

	
42.81

	
54.19

	
90.90

	
18.75

	
23.73

	
48.34




	
More significant increase

	
10.38

	
13.13

	
6.25

	
7.91




	
Significant increase

	
4.06

	
5.14

	
3.19

	
4.03




	
Nonsignificant increase

	
14.56

	
18.43

	
10.00

	
12.66
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Table 5. The area and proportion of precipitation variation trend in the humid karst areas during 2002–2018.
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Variation Trend

	
Precipitation




	
Area (104 km2)

	
Proportion (%)






	
Extremely significant decrease

	
0

	
0

	
67.71




	
More significant decrease

	
0

	
0




	
Significant decrease

	
0

	
0




	
Nonsignificant decrease

	
53.50

	
67.71




	
Extremely significant increase

	
0

	
0

	
32.29




	
More significant increase

	
0.13

	
0.16




	
Significant increase

	
1.70

	
2.15




	
Nonsignificant increase

	
23.69

	
29.98
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Table 6. The proportion (%) of similar precipitation conditions and interaction variation trends of EVI and soil moisture content in the paired years with similar precipitation conditions in the humid karst areas during 2002–2018 (“− +” means soil moisture content decreased while EVI increased, “− −” means soil moisture content decreased while EVI decreased, “+ −” means soil moisture content increased while EVI decreased, “+ +” means soil moisture content increased while EVI increased, a more detailed description of the classes can be seen in Table 3).






Table 6. The proportion (%) of similar precipitation conditions and interaction variation trends of EVI and soil moisture content in the paired years with similar precipitation conditions in the humid karst areas during 2002–2018 (“− +” means soil moisture content decreased while EVI increased, “− −” means soil moisture content decreased while EVI decreased, “+ −” means soil moisture content increased while EVI decreased, “+ +” means soil moisture content increased while EVI increased, a more detailed description of the classes can be seen in Table 3).





	
Interval Time of Paired Years

	
Paired Years

	
The Proportion of Similar Precipitation Conditions

	
The Ratio of Soil Moisture Content and EVI Changes under Similar Precipitation Conditions

	
Interval Time of Paired Years

	
Paired Years

	
The Proportion of Similar Precipitation Conditions

	
The Ratio of Soil Moisture Content and EVI Changes under Similar Precipitation Conditions




	
− +

	
− −

	
+ −

	
+ +

	
− +

	
− −

	
+ −

	
+ +






	
5

	
2002–2007

	
33.69

	
12.75

	
11.94

	
4.69

	
4.31

	
9

	
2002–2011

	
5.12

	
3.81

	
0.56

	
0.75

	
0




	
2003–2008

	
3.31

	
1.25

	
0.81

	
1.06

	
0.19

	
2003–2012

	
40.94

	
18.19

	
9.44

	
9.81

	
3.5




	
2004–2009

	
20.89

	
10.25

	
8.38

	
1.13

	
1.13

	
2004–2013

	
21.25

	
6.31

	
11.88

	
1.25

	
1.81




	
2005–2010

	
31.26

	
7.06

	
15.63

	
2.44

	
6.13

	
2005–2014

	
16.95

	
6.5

	
7.13

	
1.69

	
1.63




	
2006–2011

	
19.75

	
10.81

	
3.06

	
5.25

	
0.63

	
2006–2015

	
18.2

	
8.63

	
3.69

	
4.88

	
1




	
2007–2012

	
21.44

	
7.06

	
1.38

	
11.69

	
1.31

	
2007–2016

	
40.75

	
16.81

	
14.25

	
6.38

	
3.31




	
2008–2013

	
24.2

	
9.69

	
6.69

	
4.44

	
3.38

	
2008–2017

	
49.82

	
18.63

	
25.06

	
3.38

	
2.75




	
2009–2014

	
21.26

	
7.38

	
4.19

	
7.63

	
2.06

	
2009–2018

	
2.25

	
0.81

	
0.56

	
0.44

	
0.44




	
2010–2015

	
11.94

	
3.5

	
5.25

	
2.44

	
0.75

	
10

	
2002–2012

	
27.69

	
10.81

	
7.06

	
6.69

	
3.13




	
2011–2016

	
7.63

	
2.13

	
2.75

	
1.31

	
1.44

	
2003–2013

	
26.94

	
11.63

	
9.31

	
4

	
2




	
2012–2017

	
14.51

	
0.94

	
11.25

	
0.44

	
1.88

	
2004–2014

	
13.38

	
3.06

	
8.44

	
0.44

	
1.44




	
2013–2018

	
24.13

	
6.69

	
12.25

	
1.63

	
3.56

	
2005–2015

	
18.5

	
8.31

	
5.56

	
3.38

	
1.25




	
6

	
2002–2008

	
38.64

	
18.13

	
9.94

	
6.19

	
4.38

	
2006–2016

	
30.06

	
12

	
14.69

	
2.06

	
1.31




	
2003–2009

	
30.57

	
8.88

	
13.44

	
4.25

	
4

	
2007–2017

	
32.69

	
13

	
14.19

	
3.56

	
1.94




	
2004–2010

	
32

	
2.88

	
21.06

	
1.25

	
6.81

	
2008–2018

	
51.13

	
19.75

	
24.25

	
3.94

	
3.19




	
2005–2011

	
22.25

	
10.56

	
8.31

	
2.25

	
1.13

	
11

	
2002–2013

	
27.12

	
14

	
7.81

	
4

	
1.31




	
2006–2012

	
30.88

	
16.06

	
3.63

	
10

	
1.19

	
2003–2014

	
22.27

	
10.38

	
4.38

	
5.88

	
1.63




	
2007–2013

	
21.94

	
12.44

	
3.31

	
4.63

	
1.56

	
2004–2015

	
10.38

	
2.56

	
6.25

	
0.88

	
0.69




	
2008–2014

	
30.87

	
6.06

	
15.5

	
3

	
6.31

	
2005–2016

	
27.45

	
9.63

	
15.25

	
0.94

	
1.63




	
2009–2015

	
5.26

	
1.19

	
0.88

	
2.56

	
0.63

	
2006–2017

	
21.69

	
10.94

	
8.5

	
1.69

	
0.56




	
2010–2016

	
32.57

	
11.19

	
16.31

	
2.63

	
2.44

	
2007–2018

	
45.56

	
19.25

	
17.31

	
4.75

	
4.25




	
2011–2017

	
1.25

	
0.31

	
0.56

	
0.13

	
0.25

	
12

	
2002–2014

	
28.25

	
11.31

	
13.63

	
1.06

	
2.25




	
2012–2018

	
26.19

	
1.5

	
21.5

	
0.13

	
3.06

	
2003–2015

	
9.45

	
2.75

	
3.69

	
2.63

	
0.38




	
7

	
2002–2009

	
3.25

	
0.81

	
1.56

	
0.38

	
0.5

	
2004–2016

	
39.06

	
13.94

	
19.31

	
3.31

	
2.5




	
2003–2010

	
37.01

	
9.38

	
15.13

	
5.19

	
7.31

	
2005–2017

	
17.19

	
9

	
6

	
1.5

	
0.69




	
2004–2011

	
8.75

	
2

	
6

	
0.19

	
0.56

	
2006–2018

	
28.13

	
12.75

	
13.13

	
1.5

	
0.75




	
2005–2012

	
31.52

	
17.38

	
5.88

	
6.13

	
2.13

	
13

	
2002–2015

	
30

	
10

	
14.56

	
2.81

	
2.63




	
2006–2013

	
42.94

	
25.31

	
6.88

	
9.56

	
1.19

	
2003–2016

	
20.45

	
6.63

	
12

	
0.63

	
1.19




	
2007–2014

	
15.32

	
5.88

	
6.06

	
1.19

	
2.19

	
2004–2017

	
12.56

	
5.81

	
5.19

	
1.31

	
0.25




	
2008–2015

	
46.06

	
12.81

	
22.94

	
4

	
6.31

	
2005–2018

	
28.32

	
10.75

	
16

	
0.44

	
1.13




	
2009–2016

	
5.13

	
1.81

	
2

	
0.63

	
0.69

	
14

	
2002–2016

	
37.26

	
13.25

	
16.69

	
4.69

	
2.63




	
2010–2017

	
18.82

	
5.75

	
10.63

	
1.44

	
1

	
2003–2017

	
6.32

	
1.88

	
3.81

	
0.44

	
0.19




	
2011–2018

	
1.76

	
0.38

	
0.56

	
0.38

	
0.44

	
2004–2018

	
31.5

	
12.31

	
15.38

	
2.31

	
1.5




	
8

	
2002–2010

	
24.19

	
7.44

	
8.94

	
4.75

	
3.06

	
15

	
2002–2017

	
37.26

	
14.13

	
19.06

	
2.38

	
1.69




	
2003–2011

	
29.56

	
13.75

	
6.75

	
6.5

	
2.56

	
2003–2018

	
9.88

	
2.06

	
7.13

	
0.25

	
0.44




	
2004–2012

	
24.07

	
9.19

	
10.19

	
2.25

	
2.44

	
16

	
2002–2018

	
49.87

	
19.31

	
25.94

	
3.06

	
1.56




	
2005–2013

	
32.57

	
16.75

	
9.69

	
4.5

	
1.63

	

	

	

	

	

	

	




	
2006–2014

	
27.38

	
13.75

	
6.75

	
5.19

	
1.69

	

	

	

	

	

	

	




	
2007–2015

	
20.07

	
6.38

	
10.5

	
1.56

	
1.63

	

	

	

	

	

	

	




	
2008–2016

	
29.51

	
10.94

	
12.13

	
3.75

	
2.69

	

	

	

	

	

	

	




	
2009–2017

	
3.12

	
0.81

	
1.56

	
0.5

	
0.25

	

	

	

	

	

	

	




	
2010–2018

	
31.19

	
9

	
19.69

	
1.25

	
1.25
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