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Soil infiltration and evaporation are the main factors affecting the water cycle in arid and semi-arid areas, and the sealing measures determine the soil water storage capacity by affecting the evaporation and infiltration process of grassland soil water, which is the key to the ecological environment restoration of arid and semi-arid grassland. This study taking the enclosure time of Hulunbuir grassland for 3 years, 7 years, 10 years and the grazing control grassland as the research objects by using small evaporation instrument and double-ring infiltration instrument.To study the effects of enclosure measures on soil water distribution, soil infiltration and evaporation, and to evaluate the applicability of the main soil evaporation and infiltration models in enclosed grassland. The results show that (1) the enclosure measures can effectively improve the soil water content. In the vertical direction, the soil water content shows a trend of increasing first and then decreasing. (2) The initial infiltration rate and stable infiltration rate of grassland at different enclosure time are significantly different (P<0.05), and the soil infiltration rate and evaporation rate were in the order of EN10 >EN7 >EN3 >CK. (3) Using three infiltration process models to simulate the grassland infiltration process at different enclosure times, the Horton model is able to better model the inflection points of the infiltration process, and the fit accuracy is higher than that of the Philip and Kostiakov models. (4) The cumulative evaporation process of grassland at different closure times was simulated by using Black, Ross, and Power function models.The simulation values calculated by the Rose model are the closest to the measured value, and the simulation accuracy is the highest.The comprehensive analysis shows that the hydrological characteristics of grassland soil change significantly in the early stage of enclosure phase, and the soil properties have reached a good state for 3 to 7 years.With the continuous increase of enclosure time, the change of soil hydrological characteristics is not obvious. The results are helpful for soil and water conservation and ecological environment management in arid and semi-arid grassland.
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INTRODUCTION
Water is the key controlling factor of vegetation growth, which directly affects the growth and development of vegetation (Chamizo et al., 2013). Soil infiltration and evaporation is not only an important part of the surface water cycle in semi-arid regions, but also a link between surface water, underground water and atmospheric water. The magnitude of soil water infiltration rate and the strength of evaporation capacity directly affect the soil water content (Guan and Cao, 2019). In semi-arid grassland areas, precipitation is small, evaporation is large, and available water for vegetation is limited. The growth of vegetation mainly depends on the water entering into the soil, and the soil evaporation capacity and infiltration performance directly affect the amount of soil water, and then indirectly control the growth trend of grassland vegetation (Zhang, 2021). In Hulunbuir grassland, due to the influence of climate change and unreasonable grazing activities, the vegetation coverage, biodiversity and ecological service function of grassland are decreased, and the large area of grassland was degraded as a whole (Nie et al., 2021). Grassland enclosure is a simple and effective way to restore degraded grasslands. In the process of closure and restoration, the growth and development of grassland vegetation is limited by soil water. With the increase of enclosure times, the change of vegetation community structure will alter the soil texture and water supply conditions and further affect soil infiltration and evaporation. Therefore, exploring the effects of enclosure measures on the soil infiltration and evaporation process of grassland, and determining the optimal enclosure period for soil water conservation, is the key to restoring the ecological environment of semi-arid grassland.
The soil water infiltration process determines the ability of precipitation to transform into soil water, while the soil evaporation process determines how much infiltration water can be retained in the surface soil for use. Infiltration and evaporation directly affect soil water content and vegetation water utilization efficiency (Yu et al., 2010; Jiao et al., 2017). In recent years, numerous researchers at home and abroad have studied the process of soil infiltration and evaporation under different environmental conditions, mainly focusing on soil infiltration and evaporation processes under the influence of human factors in agricultural planting environment (Bristow et al., 2020; Cui et al., 2021), among which the use of external additives such as biochar (Sun et al., 2019), fly ash (Yang et al., 2020) and bioactive agent (Saad, 2018) to change the soil texture and affect the movement of soil water. A large number of studies have been carried out to clarify the effects of external additives on soil evaporation and infiltration; At the same time, some researchers discussed the effects of residual agricultural film (De Souza Machado et al., 2018) and soil microplastics (Wan et al., 2019) on soil infiltration and evaporation, and constructed empirical and semi-empirical models to simulate the evaporation infiltration process of agricultural film soil and microplastic soil, and explained the effect of residual film and microplastics on soil water transport by blocking pores (Machado et al., 2019). At present, the research on soil infiltration and evaporation process and its influencing factors is mainly focused on the agricultural planting soil environment in various types of farming areas (Liao et al., 2021). While, there have been relatively few studies of meadow grassland soils in semi-arid regions, where the ecological environment is relatively fragile, the geographic spatial span is distinct, and the ability to resist disturbance is weak. The source of soil water in semi-arid grasslands is single. How to maintain soil water and reduce ineffective evaporation is the key to the healthy growth of grassland vegetation. Through field measurement and indoor simulation.
The Hulun Buir grassland is located in the interior of northern China. Long-term unreasonable grazing activities have led to grassland vegetation degradation, soil desertification and habitat fragmentation. As an effective means of grassland restoration, enclosure measures can improve the structure of vegetation groups, conserve water sources, maintain water and soil, and ensure the healthy growth of grassland vegetation. This paper takes grazing grassland and enclosed grassland in Hulun Buir meadow grassland for 3, 7 and 10 years as the research objects. Through field measurements and indoor simulations, the effects of enclosure period on soil infiltration and evaporation characteristics of grassland were studied, and the simulation processes of main infiltration and evaporation models were evaluated, so as to provide a theoretical basis for soil and water conservation and ecological environment control of meadow grassland in arid and semi-arid areas.
MATERIALS AND METHODS
Overview of the study area
This research area is located in Baodong Sumu, Xinbarhu Banner, Hulun Buir City, Inner Mongolia (N 48°27′54.95″∼48°28′33.07″, E 117°11′41.26″∼117°16′19.68″). It belongs to the hinterland of the Hulun Buir grassland and is about 30 km nearby Hulun Lake. Located in northeastern Inner Mongolia, it belongs to the semi-arid continental climate zone of the Northern temperate zone. The mean annual temperature ranges from −0.6°C to 1.1°C, and the annual sunshine duration ranges from 2,694 to 3,131 h. The average annual precipitation ranges from 240.5 to 283.6 mm and is mainly concentrated from July to September, accounting for over 60% of the annual precipitation, the annual average evaporation rate ranges from 1455.3 to 1754.3 mm and the annual frost-free period of 110–160 days. The soil composition is mainly sandy soil and sandy loam with loose structure and low fertility (Fan and Wang, 2021). The main plant species in the study area are: Leymus chinensis, Cleistogenes squarrosa, Stipa sareptana, Artemisia frigida and other vegetation (Fan and Wang, 2021).
Sample collection and processing
From July to August 2021, the soil evaporation experiment and infiltration simulation experiment were selected in the research area for 3 years (EN3), 7 years (EN7), 10 years (EN10) and grazing control (CK) grasslands in the research area. Of these, the closed grassland showed severe degradation prior to closure. The grazing intensity of the control grassland is heavy grazing, and the livestock carrying rate is 610∼680 sheep/km2. Following the grid arrangement method, grid points were established at intervals of 500 m for closed and controlled grassland, 13 points for EN3 grassland, 12 points for EN7 grassland, 15 points for EN10 grassland and 9 points for heavy grazing grassland, in which soil samples were collected and analyzed. According to the requirements of “soil agrochemical analysis,” the sampling points were set up by X distribution method and triangle distribution method at each survey site. 0∼30 cm soil samples and ring knife samples were collected in three layers at each sampling point. After soil samples were layered and mixed, 500 g soil samples were retained by quarter method, the soil samples were sifted by 1 mm and 0.25 mm. After screening, put it in a sealed pocket for preservation, and take it back to the laboratory to determine the physical and chemical indicators such as soil texture composition, soil volume, porosity, and organic matter. The basic properties are shown in Table 1. Soil evaporation experiment and double ring infiltration experiment were carried out at three points with similar physical structure in different enclosed grasslands, and the evaporation and infiltration performance of soil was measured. At the same time, a portable small automatic weather station is set up in the study area to observe air temperature, humidity, wind speed, solar radiation, air pressure, soil water content and other meteorological indicators, and automatically record data per 30 min.
TABLE 1 | The physical and chemical properties of grassland soil at different confining periods.
[image: Table 1]Evaporation experiment
In this study, the soil evaporation experiment was carried out by using small lysimeter, which is a PVC sleeve with inner diameter 10 cm and height 15 cm, with a leak-proof yarn net at the bottom, which is a self-developed Chinese national patent (patent number ZL201620486286.3). For the experiment, 28 typical days were selected from 22 July to 18 August 2016 and the soil evaporation was measured at 7:00 and 19:00. Weighing the soil evaporation with a precision of 0.01 g of electron equilibrium, the mass conservation principle is used to calculate the soil evaporation. At the same time, the parameters of soil temperature and the moisture content were measured.
Infiltration experiment
In this study, the soil water infiltration rate was measured by using double-ring infiltration instrument with an inner diameter of 50 cm and an outer diameter of 80 cm. Before the start of the experiment, the grassland was pruned and the topsoil herbaceous plants were cut off, after which the infiltration ring was slowly penetrated into the soil layer with an energy-absorbing hammer to keep the soil from being damaged. Finally, we began the soil infiltration experiment, using Markov bottle to inject water into the infiltration ring, keeping the infiltration head at a constant height of 5 cm, always paying attention to the water level between the two rings, ensuring flattening, and preventing the lateral infiltration of water in the inner ring. The water level scale of the Markov bottle was read at 0, 30, 60, 120, 180 s, 5 min, 7 min, 10 min, 15 min, 25 min, 30 min, and every 10 min after the start of the experiment. The infiltration temperature and salinity were measured simultaneously until the end of the two-hour period. Three sets of repeated experiments were performed at three infiltration test sites in grasslands with different enclosure periods and control grasslands, and the characteristic curves of soil water infiltration were measured in the closed grasslands. At the same time, prior to the start of the infiltration experiment, the soil around the infiltration point was drilled to determine the initial water content, with a sampling range of 0–60 cm.
Evaporation model and infiltration model
Horton model, Philip model and Kostiakov model were used to simulate grassland soil infiltration (Niu et al., 2016), and Black model, Rose model and Power function were used to simulate grassland soil cumulative evaporation (Wang et al., 2017). The effect of the enclosure time on soil infiltration and evaporation is discussed.
(1) The relationship of Horton infiltration model is as follows:
[image: image]
In the formula, f(t) is the infiltration rate (mm/min); t is the infiltration time (min); f0 is the hypothetical initial infiltration rate (mm/min); fc is the hypothetical stable infiltration rate (mm/min); k is the empirical constant.
(2) The relationship of Philip infiltration model:
[image: image]
In the formula, f(t) is the infiltration rate (mm/min), t is the infiltration time (min), S is the soil water absorption rate (mm/min), A is the stable infiltration rate (mm/min).
(3) The relationship of Kostiakov infiltration model:
[image: image]
In the formula, f(t) is the infiltration rate (mm/min), t is the infiltration time (min), and a and b is an empirical constant.
(4) The relationship of Black evaporation model:
[image: image]
In the formula, E is the cumulative evaporation (mm), t0 is the evaporation duration (d), F and B are evaporation parameters.
(5) The relationship of Rose evaporation model:
[image: image]
In the formula, E is the cumulative evaporation (mm), t0 is the evaporation duration (d), C is the stable evaporation parameter, and D is the water diffusion parameter.
(6) The relationship of power function model:
[image: image]
In the formula, E is the cumulative evaporation (mm), t0 is the evaporation duration (d), A and B are evaporation parameters.
Data analysis and processing
Statistical analysis of the measurements was performed using excel2010 and SPSS20.0 software. Relative root mean square error (RRMSE), mean absolute error (MAE), group residual coefficient (CRM) and determination coefficient (R2) are used as the evaluation index of the simulation effect of the model. The smaller the RRMSE, MAE and CRM values are, the closer R2 is to 1, and the better the model simulation effect is.
RESULTS
Soil water distribution characteristics of different enclosed grasslands
Based on the analysis of the distribution characteristics of soil water in grasslands with different closure periods, Figure 1 shows that the soil water content initially increases and then decreases as the soil depth increases. The soil water content of the CK grassland ranges from 9.36% to 12.72%, with a water variability coefficient of 0.02–0.05. EN3 grassland soil water content ranges from 10.10% to 13.50%, the coefficient of water variation is between 0.02 and 0.07; The soil water content of the EN7 grassland ranges from 10.71% to 13.37%, and the coefficient of water variation is between 0.01 and 0.05; The soil water content of the EN10 grassland ranges from 10.36% to 13.92% and the coefficient of water variation is between 0.02 and 0.07. Except for the EN10 grassland, where the maximum soil water content occurs in layers of 20–30 cm, the maximum soil water content in other grasslands occurs in layers of 10–20 cm, and the minimum soil water content occurs in layers of 50–60 cm. The vertical distribution of soil water in the grassland showed significant differences under different disturbance measures, with enclosure measures having a large impact on the soil water content. Compared with grazing grassland, the soil water content in enclosed grassland was significantly higher than that in grazing grassland (p < 0.01). Compared with CK grassland, the soil water accumulation distribution area of CK grassland is mainly concentrated in10∼20 cm, the soil water accumulation distribution area of EN3 and EN7 grassland is 10∼30 cm, EN10 grassland soil water accumulation region 20∼50 cm, and the soil water content showed as EN10 > EN7 > EN3 > CK.
[image: Figure 1]FIGURE 1 | The vertical distribution of soil water in grassland with different years of enclosure. Data are the mean ± SD.
Soil infiltration process in different enclosed grassland
Double-ring infiltration experiments with a 5 cm water head were performed on enclosed grasslands and grazing grasslands, and the soil infiltration properties of the grasslands were measured under different interference measures, as shown in Figure 2. At the beginning of the infiltration process, the water percolates rapidly and the soil water infiltration rate rapidly decreases to 40% of the initial infiltration rate within 3–5 min. As the infiltration time increases, the downward trend of the infiltration rate slows down and gradually stabilizes at 14–20 min. The shift law is the same for soil infiltration rates in closed and grazing grasslands. There was no significant difference in initial soil infiltration rate between EN10 grassland and EN7 grassland under the same water head (p > 0.05), but there was significant difference in stable infiltration rate among different treatments (p < 0.01). By comparing the initial infiltration rate and stable infiltration rate of EN3, EN7, NE10 and CK, it was found that there were significant differences (p < 0.05) in initial infiltration rate and stable infiltration rate of different closed time grasslands under the same infiltration head. The overall results show that EN10 grassland is the largest, EN7 grassland is the second largest and EN3 grassland is the smallest. The initial infiltration rate of EN3 grassland was 5.10 ± 0.12 mm/min, and the stable infiltration rate was 1.57 ± 0.21 mm/min, which was 20.3% and 19.7% higher than that of CK grassland, respectively. The initial infiltration rate of EN7 grassland was 5.95 ± 0.17 mm/min, and the stable infiltration rate was 1.76 ± 0.28 mm/min, which was 40.5% and 33.9% higher than that of CK grassland, respectively. The initial infiltration rate of EN10 grassland was 6.23 ± 0.11 mm/min, and the stable infiltration rate was 1.88 ± 0.23 mm/min, which was 47.1% and 43.4% higher than that of CK grassland, respectively. The closure measures can effectively increase the infiltration rate of the grassland soil and accelerate the supply of water to this area.
[image: Figure 2]FIGURE 2 | Soil infiltration rate curve of grassland with different enclosure time.
Cumulative infiltration is the total amount of infiltrated water per unit area of the surface over a certain period of time, and the cumulative infiltration of grassland with different disturbance measures has been analyzed and can be seen in Figure 3. There was a significant difference in cumulative infiltration between different closure periods and grazing grasslands under the same water head (p < 0.05). The cumulative infiltration amount of EN10 grassland was considerably higher than that of other closed time grasslands, which was 233.41 ± 3.27 mm, 1.43 times of CK grassland, 216.44 ± 5.73 mm of EN7 grassland, 1.33 times of CK grassland, 197.23 ± 5.14 mm of EN3 grassland, 1.21 times of CK grassland. Enclosing can be effective in increasing soil water infiltration and improving water supply conditions for grassland vegetation, but the rate of increase in grassland water infiltration decreases with the length of enclosure. Therefore, grazing grasslands can alter the soil infiltration status and restore soil infiltration capacity with appropriate enclosure measures.
[image: Figure 3]FIGURE 3 | Soil cumulative infiltration curve of grassland with different enclosure time.
Evaporation process of different enclosed grassland
Soil evaporation was analyzed in grasslands and grazing grasslands with different enclosure periods from July 22 to August 18. As shown in Figure 4, the change law of soil evaporation of the grassland with different disturbance measures was the same, showing a fluctuating state, and the soil evaporation rate showed EN10 > EN7 > EN3 > CK. The cumulative soil evaporation in EN10 grassland was the highest at 52.19 mm, which was 1.05, 1.14, and 1.17 times higher than that of EN7 grassland, EN3 grassland, and CK grassland respectively. The cumulative soil evaporation of EN3 grassland was close to that of CK grassland, which was 45.91 mm and 44.65 mm, respectively, and the difference was not significant (p > 0.05). During the observation period, there were four peaks in daily soil evaporation in the grassland, all of which occurred after rainfall events, with the largest daily evaporation occurring on 1 August, which could reach 3.15–3.62 mm/d. It can be seen that this phase is primarily a control phase of atmospheric evaporation. As a result of the rainfall on 30 July, the soil water content increased substantially and approached saturation. The coefficient of variation for soil evaporation in each enclosed grassland exceeds 0.3, with the CK grassland exhibiting the highest coefficient of variation at 0.39. Additionally, EN3 grassland shows a coefficient of variation of 0.37, while EN7 and EN10 grasslands exhibit coefficients of variation of 0.34 each. These findings indicate that different treatments applied to the grasslands are significantly influenced by external factors, resulting in greater variability and diversity in soil evaporation patterns, aligning with the general principles governing soil evaporation.
[image: Figure 4]FIGURE 4 | Soil evaporation of grassland with different enclosure time.
Simulation of soil infiltration and evaporation in different enclosed grasslands
The calculated parameters of the model are given in Table 2. In the simulation of the infiltration process, the Horton model parameter f0 represents the initial infiltration rate, which ranges from 4.7 to 7.09. fc are stable infiltration rates, ranging from 1.32 to 1.89. The value of k, a soil characteristic parameter, varies widely among closed grasslands, with a coefficient of determination R2 ranging from 0.91 to 0.94. The parameter A in the Philip model represents the steady infiltration rate, and S represents the initial infiltration rate. Affected by the initial water content in the soil, the initial water content of each closed grassland is significantly different (p < 0.05), and the determination coefficient R2 is between 0.92 and 0.99. In Kostiakov model, parameter a represents the speed of infiltration rate decay, EN10 grassland infiltration rate attenuates fastest and reaches stability at first, b represents the trend of soil infiltration rate changing with time, its variation range is 0.14∼0.17, the variation range is tiny, and the determination coefficient R2 is between 0.74 and 0.85. In the simulations of the cumulative evaporation process, the Black model F is the regulation coefficient and B represents the rate of soil evaporation, which ranges from 11.35 to 13.06. CK and EN3 grasslands have smaller values of B, and EN10 grasslands have rapid changes in soil evaporation. The coefficient of determination R2 for this model is between 0.90 and 0.91. The Ross model parameter C represents the steady evaporation rate and D represents the water diffusion rate. The stable evaporation dimension of grassland at different enclosure periods is 1.58–1.85 and the difference in water diffusion is large. The EN7 grassland has the smallest water diffusion rate, with a determination coefficient R2 of 0.93. The parameters A and B of the Power function model are varied by one bit, and the coefficient of determination R2 of the model is also 0.93. Further evaluation of the simulation effects of the two models is needed.
TABLE 2 | The fitting parameters of infiltration model and evaporation model.
[image: Table 2]The fit effects of the three infiltration models are analyzed. As shown in Figure 5, the measured values of the soil infiltration process are compared with the calculated values of the three infiltration models. The simulation effect of Horton model on water infiltration process of three kinds of enclosed grassland and grazing grassland is excellent, the initial infiltration rate and stable infiltration rate are close to the measured values, the relative error of initial infiltration rate is less than 0.76%, and the relative error of stable infiltration rate is less than 0.94%. The Horton model is able to better model the inflection point of the infiltration process during the infiltration transient phase. The Philip model is second only to the Horton model for the simulation of the initial infiltration rate and the steady infiltration rate, with relative errors of less than 5.01 percent and 1.94 percent, respectively, but the transient inflection point model performs poorly. The Kostiakov model has a poor simulation for the initial infiltration rate, with a relative error of more than 23.9 percent for the initial infiltration rate, and a relatively good simulation for the steady infiltration rate, with a relative error of less than 2.1 percent. The simulation results of the three models are close to those of the steady infiltration and can better simulate the steady infiltration phase.
[image: Figure 5]FIGURE 5 | The effect of infiltration model simulation.
We analyze the effect of fitting the three evaporation models. It can be seen in Figure 6 that the measured values of the cumulative evaporation process of the soil are compared with the calculated values of the three evaporation models. The Black model exhibits some bias in simulating cumulative evaporation for enclosed grasslands and grazing grasslands, with a downward shift in the starting point and a relative error ranging from 5.27% to 6.67%. In contrast, both the Rose model and Power function model provide relatively more favorable simulations, accurately capturing initial evaporation rates and final accumulation values of cumulative evaporation. The error between simulated and measured values for the Rose model ranges from 2.67% to 3.08%, while that for the Power function model is between 0.15% and 3.52%.
[image: Figure 6]FIGURE 6 | The effect of evaporation model simulation.
Three infiltration models and three evaporation models can simulate the evaporation process and infiltration process of grassland soil in arid and semi-arid areas, but there are certain differences in the final simulation effect. The simulation effect of some models is relatively close, and it is impossible to judge the advantages and disadvantages of the model intuitively. Therefore, the simulation effect of the infiltration model and evaporation model is evaluated by using the relative mean square root error RRMSE, average absolute error MAE and the whole group residual coefficient CRM. As can be seen from Table 3, the RRMSE of the Horton model is lower than the Philip model and the Kostiakov model in the three enclosure time grasslands, and only higher than the Philip model in the grazing grassland, but lower than the Kostiakov model; MAE in the grazing grassland and the enclosure 3-year grassland is higher than the Philip model, but lower than the Kostiakov model, which is the lowest in both 7 years of enclosed grasslands and 10 years of enclosed grasslands; the Horton model is lower than 0.1 in the CRM of CK and EN7 grassland, with a maximum value of 0.2, while the Philip model is only lower in EN3 grassland, the maximum value is 0.27. And the CRM value of the Kostiakov model is greater than 0.2. For the simulation of soil cumulative evaporation process of the three models, the RRMSE and MAE of the Black model are higher than the Rose model and the Power function model, and the RRMSE and MAE of the Rose model are less than or equal to the Power function model. Except for grazing grassland, the CRM of the Black model is higher than the Rose model and the Power function model. The CRM of the Rose model in CK is higher than the Power function model, and the rest is lower than the Power function model. The simulated value of soil water infiltration process calculated by Horton model is the closest to the measured value, and the simulation accuracy is the highest. The simulation value of the soil water accumulation evaporation process calculated by the Rose evaporation model is the closest to the actual measured value, and the simulation accuracy is the highest.
TABLE 3 | Error analysis of infiltration model and evaporation model.
[image: Table 3]DISCUSSION
The soil water content of grasslands in arid and semi-arid regions is a major factor affecting the ecological environment of grasslands. Human activities such as over-grazing contribute to grassland degradation by affecting water supply and nutrient transport through the topsoil. For the restoration and improvement of degraded grassland, closure measures also make use of long-term vegetation decay and decay to form aggregates, improve soil texture, optimize soil water storage conditions, improve water use efficiency, and support grassland vegetation recovery and growth (Zhang et al., 2012). Hulunbuir Grassland is located in the arid and semi-arid climate zone in northern China, with little precipitation and large evaporation, and poor anti-interference ability of grassland ecological environment. Due to the influence of grazing activities, a large area of grassland has been degraded. The use of enclosure measures to restore the growth and development of grassland vegetation has effectively alleviated the grassland degradation caused by overgrazing to a great extent (Zhao and Yang, 2010). There are differences in soil water storage in grassland with different sealing time. The effect of enclosure time on grassland soil was significant in the early stage of enclosure, and the depth of soil water storage area gradually expanded with the increase of enclosure time, but the increase of water storage area became slow when the enclosure time increased to a certain value. This result is consistent with the study of soil water and vegetation community structure of grassland by different disturbance methods conducted by Wang et al. (2020) in desert steppe of Ningxia. Closure measures can increase the activity of soil water and change the depth of water storage area.
The soil infiltration process of grassland was mainly affected by vegetation cover, soil texture, bulk density, porosity, initial water content and other factors, in addition to the intensity of water supply. At the initial infiltration stage, influenced by matrix potential, soil water content was the main controlling factor, and the infiltration rate gradually decreased with the increase of infiltration time (Sochorec et al., 2015). The enclosed grassland indirectly affects soil texture structure and changes soil porosity through vegetation growth alternations, thus affecting the infiltration process of the grassland soil. The soil permeability and soil water storage energy of the enclosed grassland for 10 years and 7 years were significantly higher than those of the enclosed grassland for 3 years and grazing grassland. Mainly due to the long closure restoration, the vegetation cover of the grassland increased significantly. Every year vegetation grows and dies, and the litter is converted into humus to provide more organic matter to improving soil structure. At the same time, long-term closed grassland will grow surface vegetation with lush roots, and a large number of capillary heels will increase soil pore diameter during the growth process, and enhance soil infiltration and moisture retention ability. This situation is consistent with the results of Lu et al. (2018) research on soil infiltration characteristics of different vegetation communities in the northwest wind-blown sand region, both of which concluded that the better the vegetation growth status of grassland, the stronger the soil infiltration performance. With the increase of enclosure time, the soil infiltration performance of the grassland was limited, indicating that the extension of enclosure time did not improve the overall quality of the grassland after the grassland was restored from degradation to normal state. This result is consistent with the research of Xu et al. (2020) on grassland productivity in meadow steppe. The main reason is that long sealing time will lead to serious accumulation of ground litter, and a large amount of litter will inhibit the growth of vegetation seedlings and delay the regeneration rate of grassland (Nie et al., 2022), thus affecting the soil infiltration rate.
Soil evaporation is not only an important link of groundwater return to the atmosphere, but it is also a major way of soil water loss. In arid and semi-arid areas, the soil water supply comes primarily from precipitation, the vegetation growth of grassland is mainly controlled by soil water content. Therefore, inhibiting ineffective evaporation and improving the water use efficiency of grassland vegetation are of great significance for ecological restoration of grazing grassland. The process of soil evaporation is affected by the external natural environment and soil water content. When the water content is saturated, soil evaporation is carried out at the evaporation rate of water surface. With the decrease of soil water content, soil water supply is transformed into capillary water supply and finally into water vapor diffusion (Dam et al., 2022). Soil evaporation is the main link of soil water loss in arid and semi-arid areas, and effective suppression of evaporation can alleviate soil water shortage to a greater extent. On the basis of improving the characteristics of grassland vegetation community, enclosure measures affect soil structure and soil water storage function through vegetation growth, and enclosure of grassland surface vegetation cover can also effectively slow down soil water evaporation (Liu et al., 2019). In this study, the soil evaporation of the enclosed grassland for 10 years was greater than that of the grassland with other disturbance measures, and the result was different from the soil evaporation characteristics measured by Liu et al. (2019) in the alpine steppe of the Tibetan Plateau. Liu et al. (2019) believed that the greater the surface cover biomass, the lower the evaporation. The reason for this difference is that, in the process of measuring soil evaporation of grassland with different enclosure periods, the surface covering vegetation and litter were artificially removed, and the bare soil evaporation experiment was conducted under different disposal measures, mainly to identify the differences in soil evaporation caused by enclosure measures on soil structure and eliminate the influence of vegetation cover on soil evaporation. Grazing forbedden and enclosure can improve soil porosity, increase soil water transfer capacity and water conservation capacity of grassland. The initial effect of sealing was obvious and reached the peak in 3 ∼ 7 years. With the further increase of sealing time, the soil hydrological characteristics did not change significantly. This result is consistent with the results of Zhang’s research on the soil water characteristics of the alpine meadow in the source of the Yellow River (Zhang et al., 2023). Proper closure is conducive to the restoration of the grassland ecosystem, but long-term closure cannot achieve a good grassland ecosystem.
CONCLUSION

(1) Grassland enclosure measures can effectively improve soil water content, and the overall soil water content shows that the grassland with 10 years of enclosure > the grassland with 7 years of enclosure > the grassland with 3 years of enclosure > the grazing grassland. In the vertical direction, the soil water content increased first and then decreased. Compared with grazing grassland, the soil water storage depth could be widened by increasing the time of enclosure.
(2) The changes of initial infiltration rate and stable infiltration rate of grassland with different sealing time were significant (p < 0.05). The highest was found in the grassland with 10 years of sealing, followed by the grassland with 7 years of sealing, and the lowest was found in the grassland with 3 years of sealing. The variation of soil evaporation in different enclosed grasslands was consistent, the soil evaporation rate was the grassland with 10 years of enclosure > the grassland with 7 years of enclosure > the grassland with 3 years of enclosure > the grazing grassland. The soil hydrological characteristics of grassland changed significantly in the early stage of enclosure, and reached the peak in 3–7 years. With the increasing of enclosure time, the soil hydrological characteristics did not change significantly.
(3) The Horton model, the Philip model and the Kostiakov model can be used to model the infiltration process in grasslands at different closure times. The Horton model is able to better model the inflection point of the infiltration process, and the fit accuracy is higher than that of the Philip and Kostiakov models. Black model, Rose model and Power function model simulated the cumulative evaporation process of grassland soil at different sealing times. The simulated value calculated by Rose model was the closest to the measured value, and the simulation accuracy was the highest.
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